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RESUMO 
Peixes, em ambiente natural ou sistemas de criação, são hospedeiros de várias espécies 
de parasitos, que podem causar importantes alterações patológicas e enfermidades. 
Entre estes parasitos, os mixosporídeos, devido a grande diversidade e ao potencial 
patogênico de algumas espécies, têm sido alvo de pesquisas em várias regiões do 
mundo. Atualmente são conhecidas mais de 2.300 espécies de mixosporídeos, a grande 
maioria parasitando peixes em ambiente natural ou em pisciculturas, sendo algumas 
espécies responsáveis por altas taxas de mortalidade em várias partes do mundo. 
Entretanto, apesar de vários estudos terem mostrado distribuição moderada de espécies 
de mixosporídeos em muitas espécies de peixes de água doce de ambiente natural e 
cultivados na América do Sul, informação acerca das espécies que infectam peixes 
ornamentais é ainda escassa. Este trabalho teve como objetivo o estudo da diversidade e 
da interação parasito-hospedeiro de espécies de mixosporídeos encontrados infectando 
peixes ornamentais da bacia Amazônica, no estado do Amazonas, Brasil e na região de 
Iquitos, Peru. No Amazonas os peixes foram obtidos a partir de entrepostos de peixes 
ornamentais, os quais são capturados em rios, igarapés, igapós e várzeas daquele estado. 
Em Iquitos, os peixes foram provenientes de piscicultura e de ambiente natural e foram 
capturados com o auxílio de redes de pesca, tarrafas ou peneiras. Estudos morfológicos, 
ultraestruturais e moleculares foram realizados para a análise das espécies de 
mixosporídeos encontradas parasitando os peixes ornamentais examinados. No total seis 
novas espécies foram descritas sendo três do gênero Henneguya, uma do gênero 
Myxobolus, uma do gênero Ceratomyxa e uma do gênero Myxidium. Nos peixes 
provenientes da Amazônia brasileira foram descritas Henneguya n. sp. 1, encontrada 
nos filamentos branquiais de espécimes de Corydoras melini, Ceratomyxa n. sp. 
infectando a vesícula biliar de Symphysodon discus, Myxidium n. sp. infectando a 
vesícula biliar de Corydoras melini e Myxobolus n. sp. no arco da brânquia de 
Corydoras melini. Nos exemplares coletados na Amazônia Peruana foram descritas 
Henneguya n. sp. 2 infectando os filamentos branquiais de Corydoras leucomelas e 
Henneguya n. sp. 3 infectando os filamentos branquiais de Hyphessobrycon loretoensis.  
 
Palavras-chave: Myxozoa, Ultraestrutura, Filogenia, Peixes ornamentais, Amazônia. 
  
  
ABSTRACT 
Fish, in natural environment or farmed are hosts of several species of parasites, which 
may cause important pathological changes and diseases. Among these parasites, because 
of the great diversity and the great pathogenic potential of some species, the 
myxosporeans have received increasing attention from researchers in several regions of 
the world. Currently, more than 2.300 species of myxosporeans are known, most of 
which infect fish, both in the natural environment and breeding systems, with some 
species responsible for high mortality rates in various parts of the world. However, in 
South America although several studies have shown a wide distribution of species of 
myxosporeans in many species of freshwater fish from natural environment and farmed, 
information about the species of myxosporeans that infect ornamental fish is still scarce. 
The aim of this thesis was to study the diversity and host-parasite interaction of species 
of myxosporeans found infecting ornamental fish from the Amazon basin (Amazonas 
State in Brazil and Iquitos in Peru. In Amazonas, the fish were obtained from 
warehouses of ornamental fish, which are caught in rivers, streams, igapós (blackwater 
floodplains) and várzeas (whitewater floodplains). In Iquitos, the fish were obtained in 
fish farms and in the natural environment and were captured with the aid of fishing nets 
or sieves. Morphological, ultrastructural and molecular studies were carried out to 
analyze the species of myxosporeans found parasitizing the examined ornamental fish. 
In total, six new species were described, three of the genus Henneguya, one of the genus 
Myxobolus, one of the genus Ceratomyxa and one of the genus Myxidium. In the fish 
from the Brazilian Amazon were described Henneguya n. sp. 1 found in the gill 
filaments of specimens of Corydoras melini, Ceratomyxa n. sp. infecting the gallbladder 
of Symphysodon discus, Myxidium n. sp. infecting the gallbladder of Corydoras melini 
and Myxobolus n. sp. found in the gill arch of Corydoras melini. From specimens 
collected in the Peruvian Amazon were described Henneguya n. sp 2 infecting the gill 
filaments of Corydoras leucomelas and Henneguya n. sp. 3 infecting the gill filaments 
of Hyphessobrycon loretoensis. 
 
Key words: Myxozoa, Ultrastructure, Phylogeny, Ornamental fish, Amazon.   
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1. INTRODUÇÃO  
O aumento da demanda por parte dos entusiastas de peixes ornamentais na 
Alemanha, Estados Unidos da América, Japão, Holanda, Reino Unido, Itália e Bélgica, 
entre outros países, foi responsável pelo desenvolvimento da economia em torno do 
aquarismo, com a movimentação mundialmente de mais de 400 milhões de exemplares 
por ano (ANJOS et al., 2009). A grande maioria dos peixes utilizados como ornamental 
é oriunda de sistemas de criação. Entretanto, quando se trata de diversidade de espécies 
ornamentais de água doce, o maior número de espécies é coletado em ambiente natural, 
principalmente da bacia Amazônica (MOREAU e COOMES, 2006; JUNK et al., 2007; 
ANJOS et al., 2009). A comercialização de peixes ornamentais na região Amazônica 
tem grande importância econômica e social, sendo responsável pela subsistência de 
comunidades pesqueiras de pequenas cidades de países como Colômbia, Peru, Brasil, 
Guiana, Bolívia e Equador (AJIACO-MARTINEZ et al., 2001; MOREAU e COOMES, 
2007; JUNK et al., 2007; ANJOS et al., 2009). 
Devido à crescente demanda mundial por peixes ornamentais, desenvolveu-se na 
região amazônica uma intensa rede de atividades voltadas para a produção e comércio 
de peixes ornamentais, principalmente relacionada à pesca extrativista, mas também, 
nos últimos tempos, com o cultivo de algumas espécies. Para o comércio de peixes 
ornamentais, o grande desafio é a produção de grandes quantidades de peixe de boa 
qualidade. Neste contexto, os parasitos são importantes ameaças aos sistemas de criação 
nos países produtores, bem como expoentes de risco às populações nativas de peixes 
dos países para onde são exportados os peixes (BIOSECURITY, 2005; HALLET et al., 
2015), possibilitando a introdução de patógenos que, em última instância, podem ter 
efeitos devastadores sobre espécies de peixes nativos suscetíveis (HALLET et al., 
2015).  
Na Amazônia peruana, nos últimos dez anos, o valor total das exportações de 
peixes ornamentais movimentou em média cerca de 2,5 milhões de dólares/ano, sendo o 
Peru o segundo país com maior exportação de peixes ornamentais provenientes da 
região Amazônica, depois da Colômbia (MOREAU e COOMES, 2006; PRANG, 2007). 
No Brasil, a exportação de peixes ornamentais atingiu mais de 6 milhões de dólares em 
2007, sendo que o estado do Amazonas, onde a atividade é mais intensa, atingiu 3,8 
milhões de dólares neste mesmo ano (IBAMA, 2007), possibilitando a geração de mais 
de dez mil empregos diretos e indiretos, aparecendo como  
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o terceiro maior produto extrativista explorado no estado, atrás somente da 
indústria madeireira e da castanha (ANJOS et al., 2009).  
Do lado da Amazônia peruana, a cidade de Iquitos, no departamento de Loreto é 
um dos principais sítios envolvidos com o comércio de peixes ornamentais com 28 
empresas de exportação de peixes de aquário estabelecidas na cidade, exportando para 
24 países aproximadamente 361 espécies, compreendidas em 139 gêneros, 36 famílias e 
13 ordens (TELLO e CANEPA, 1991; MOREAU e COOMES, 2007; PRANG, 2007). 
Esta região é banhada pelo rio Nanay, um dos principais afluentes do rio Amazonas em 
território peruano, o qual inclui muitos tipos de microhabitats que abrigam grande 
diversidade de peixes importantes para o consumo humano e uso ornamental, além de 
apresentar em áreas próximas (igapós e várzeas), um alto grau de endemismo 
(CORREA e ORTEGA, 2010). 
Do lado da Amazônia brasileira, a região com maior envolvimento no comércio 
de peixes ornamentais é a do alto Rio Negro, com grande destaque para o município de 
Barcelos (ANJOS et al., 2009). Nesta região é permitida a extração de 
aproximadamente 70 espécies para exportação (CHAO, 2001; PRANG, 2007), tendo a 
Europa como o principal importador (PRANG, 2007). Em Manaus e Barcelos, o 
governo do Amazonas, em parceira com o Ministério da Pesca e Aquicultura, 
propuseram a implementação de Centros de Entrepostos de Pesca. Estes locais servem 
para adaptação, triagem e criação das espécies mais importantes no mercado de peixes 
ornamentais, com vista para o desenvolvimento e a modernização da atividade. 
Em pisciculturas ou em ambiente natural, peixes estão expostos a vários 
patógenos (EIRAS, 1994; WOO, 2006). Vírus, bactérias, fungos, protozoários, 
metazoários podem ser agentes etiológicos ou vetores de doenças em peixes (EIRAS, 
1994; WOO, 2006) afetando negativamente o desenvolvimento dos mesmos. É sabido 
que o comércio de peixes ornamentais representa importante mecanismo de 
disseminação e introdução de parasitos de peixes. Essa introdução pode ter efeitos 
graves, especialmente quando os parasitas entram em contato com hospedeiros não 
habituais suscetíveis. Vários casos de parasitos introduzidos, às vezes com devastadoras 
consequências, podem ser encontrados na literatura (MORAVEC et al., 1999; EVANS e 
LESTER, 2001; KIM et al., 2002), e o envolvimento de peixes ornamentais foi descrito 
num certo número de estudos (FERRAZ e SOMMERVILLE, 1998; MOUTON et al., 
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2001; THILAKARATNE et al., 2003; PIAZZA et al., 2006; PRANG, 2007; GARCIA 
et al., 2009).  
Entre os vários patógenos de peixes, o subfilo Myxozoa, que agrupa cinidários 
adaptados ao parasitismo, apresenta grande diversidade de espécies e algumas são 
importantes patógenos (FEIST e LONGSHAW, 2006; OKAMURA et al., 2015). Os 
mixozoários compõem um grupo de parasitos economicamente importantes (ALAMA-
BERMEJO et al., 2012, KODADKOVA et al., 2015) e atualmente são conhecidas cerca de 
2400 espécies, as quais são agrupadas nas classes Myxosporea Bütschli, 1881 e 
Malacosporea Canning, Curry, Feist, Longshaw & Okamura, 2000 (BARTOŠOVA-
SOJKOVA et al., 2014). 
O ciclo biológico é coplexo e envolve hospedeiros vertebrados e invertebrados. 
Em malacosporídoes, o ciclo alterna entre briozoários e peixes, enquanto em 
mixosporídeos o ciclo envolve anelídeos e peixes, anfíbios, répteis, aves aquáticas e 
pequenos mamíferos (Figura 1) (Eiras, 2005; OKAMURA et al., 2015).  
 
 
 
 
 
 
 
 
           
           
Figura 1- Ciclo de vida dos mixosporídeos. Fonte: Atkinson, 2011. 
 
Os peixes parasitados por mixosporídeos podem apresentar diferentes alterações 
patológicas, dependendo do órgão e/ou tecido infectado, bem como da espécie de 
parasito envolvida: a doença proliferativa das brânquias ocorre no bagre do canal 
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(Ictaluris punctatus), deformações na cabeça e na coluna vertebral podem ser 
observadas em salmonídeos, liquefação muscular em Coryphaena hippurus e 
Paralichthys adspersus, hipertrofia dos rins de Goldfish Carassius auratus, reação 
granulomatosa e espessamento da túnica na bexiga natatória, hiperplasia do epitélio das 
lamelas e compressão dos capilares de Piaractus mesopotamicus, compressão dos 
capilares e do epitélio lamelar de Astyanax altiparanae, diminuição da área de epitélio 
respiratório de pintado híbrido (Pseudoplatystoma corruscans x Pseudoplatystoma 
fasciatum) e alteração do fluxo de sangue em infecções do endotélio de vasos 
sanguíneos dos filamentos branquiais de Salminus brasiliensis (LANGDON, 1991; 
LOM e DYKOVÁ, 1995; CASTRO e BURGOS, 1996; ALLEN e BERGERSEN, 2002; 
BARASSA et al., 2003; FEIST e LONGSHAW, 2006; ADRIANO et al., 2006; 2009; 
NALDONI et al., 2009; ELWELL et al., 2009). 
No Peru, estudos sobre a diversidade de mixosporídeos parasitos de peixes são 
escassos e estão restritos a dois recentes estudos (ESPINOZA et al., 2017; MATHEWS 
et al., 2017). No Brasil, entretanto, estudos sobre mixosporídeos parasitos de peixes de 
importância econômica têm recebido grande atenção nos últimos anos (AZEVEDO e 
MATOS, 2002; ADRIANO et al., 2002; 2005a; 2006; 2009; 2012; NALDONI et al., 
2009; EIRAS et al., 2010; MILÁNIN et al., 2010; AZEVEDO et al., 2010; CARRIERO 
et al., 2013; MATHEWS et al., 2015; 2016a, b, c) e algumas espécies têm se mostrado 
importantes patógenos para seus hospedeiros em sistemas de cultivo (MARTINS et al., 
1997; ADRIANO et al., 2005b; NALDONI et al., 2009).  
Várias espécies de peixes da bacia Amazônica têm grande importância 
econômica, tanto para a pesca extrativista visando o consumo humano ou o aquarismo, 
como a pesca esportiva, sendo que nos últimos anos muitas destas espécies de peixes 
têm sido introduzidas com sucesso na piscicultura (ARAUJO-LIMA e GOULDING, 
1997; ALCÁNTARA et al., 2004; MOREAU e COOMES, 2007; PRANG, 2007).  
Como relatado acima, a bacia Amazônica alberga grande diversidade de espécies 
de peixes de água doce que se destacam no comércio mundial de ornamentais. Neste 
contexto, este projeto teve como objetivo avaliar a diversidade de mixosporídeos 
parasitos de peixes de importância econômica para o aquarismo - acará-disco 
(Symphysodon discus), Coridora (Corydoras spp.) e tetra (Hyphessobrycon loretoensis). 
Foram examinados peixes oriundos da pesca extrativista e da criação em piscicultura 
nas regiões de Iquitos, Peru e do estado do Amazonas, Brasil. Para tanto, análises 
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morfológicos, ultraestruturais e moleculares foram realizados visando a descrição das 
novas espécies, bem como avaliar aspectos da interação parasito-hospedeiro e das 
realções filogenéticas.  
2. JUSTIFICATIVA 
A escolha de peixes ornamentais para o desenvolvimento deste projeto teve 
como razão a importância que estes organismos têm para a economia de algumas 
regiões da bacia Amazônica, sendo responsável pela manutenção e subsistência de 
grande parte das comunidades pesqueiras de pequenas cidades de países como o Brasil, 
Colômbia, Peru, Equador e Guiana, bem como pela importância que os peixes 
ornamentais têm no contexto global, com mais de 400 milhões de exemplares sendo 
movimentados anualmente. Esta intensa movimentação global de peixes ornamentais 
pode ainda ser de grande importância para a disseminação e introdução de patógenos, o 
que pode muitas vezes ter efeitos graves em hospedeiros não habituais nos ambientes 
onde são introduzidos. 
A escolha da região de Iquitos, no Peru, está relacionada ao fato de ser este um 
importante centro com intensa atividade de captura de peixes ornamentais, com 28 
empresas ali estabelecidas e dedicadas à exportação de peixes ornamentais, fornecendo 
mais de 80% de todos os peixes comercializados para o exterior a partir do Peru. Outro 
fator importante é o bem estabelecido contato que o Doutorando tem com a cidade de 
Iquitos, onde já desenvolveu trabalhos de colaboração com pesquisadores do Instituto 
de Investigaciones de la Amazonia Peruana–IIAP, a qual está envolvida com a pesquisa 
de peixes. Na Amazônia brasileira, a escolha do estado do Amazonas deveu-se ao fato 
de ser esta região um importante polo de produção e comércio de peixes ornamentais.  
No contexto dos parasitos de peixes, mixosporídeos têm recebido crescente 
atenção dos pesquisadores e produtores de peixes de todo o mundo, sendo que várias 
espécies são causadoras de grandes prejuízos em pisciculturas. Como a maioria das 
espécies de mixosporídeos têm desenvolvimento tissular, dependendo do órgão em que 
se desenvolvem e/ou da resposta a que induzem aos hospedeiros, estes parasitos podem 
afetar de forma decisiva o desenvolvimento dos peixes. Um importante fator a ser 
realçado quanto às infecções por mixosporídeos em peixes de sistemas de criação, é a 
ausência de métodos de tratamento eficazes, o que é um grande dificultandor do 
controle. Assim, são de grande importância os estudos que buscam ampliar o 
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conhecimento da diversidade dos mixosporídeos parasitos de peixes, principalmente 
aquelas espécies que infectam peixes de importância econômica da América do Sul, 
onde está a maior diversidade de peixes de água doce do mundo, com muitas destas 
espécies tendo grande potencial para a utilização em pisciculturas, sendo que algumas já 
foram introduzidas na cadeia produtiva, visando tanto a produção de alimentos como o 
aquarismo. Neste contexto, a ampliação do conhecimento sobre a diversidade de 
parasitos de peixes como um todo, pode ser de grande valia para o desenvolvimento de 
técnicas de manejo buscando prevenir e/ou controlar estes parasitos em ambiente de 
criação, minimizando os efeitos negativos na produção.  
 
3. OBJETIVOS  
3.1. Objetivo Geral 
Estudo da diversidade e da interação parasito-hospedeiro de espécies de 
mixosporídeos parasitos de peixes ornamentais procedentes de ambiente natural e de 
sistemas de criação na bacia Amazônica, na região de Iquitos, Peru e no estado do 
Amazonas, Brasil. 
3.2. Objetivos Específicos 
1) Identificar e descrever espécies de mixosporídeos encontrados infectando peixes 
ornamentais, utilizando características morfológicas e sequenciamento de DNA da 
pequena subunidade ribossomal (SSU - do inglês small subunit ribosomal); 
2) Avaliar aspectos da interação parasito-hospedeiro nas infecções de mixosporídeos em 
peixes ornamentais amazônicos, mediante análises em microscopia de luz e eletrônica 
de transmissão; 
3) Avaliar a posição filogenética das espécies de mixosporídeos encontrados infectando 
peixes ornamentais em relação as outras espécies de mixosporídeos cujas sequências de 
SSU rDNA estão disponíveis no GenBank. 
 
 
 
22 
 
4. MATERIAL E MÉTODOS 
Este projeto foi desenvolvido numa parceria entre o Departamento de Biologia 
Animal do Instituto de Biologia da UNICAMP, o laboratório de Genética Evolutiva do 
Departamento de Ciências Biológicas do Instituto de Ciências Ambientais, Químicas e 
Farmacêuticas da Universidade Federal de São Paulo-UNIFESP, Campus Diadema, SP. 
No período entre o segundo semestre de 2014 e o primeiro semestre de 2016 
foram realizadas 6 coletas, sendo três em cada uma das regiões escolhidas para o estudo. 
Na região de Manaus os peixes foram capturados por pescadores e transportados para os 
entrepostos da região. Na região da cidade de Iquitos, peixes provenientes de 
piscicultura e de ambiente natural foram capturados com o auxílio dos técnicos do IIAP, 
utilizando redes de pesca, tarrafas, peneiras ou covos, dependendo das características 
das espécies e do ambiente de captura. Os peixes foram transportados vivos para o 
Laboratório de Parasitologia de Peixes do IIAP, na cidade de Iquitos e no caso das 
coletas realizadas no Estado do Amazonas, foram levadas até um laboratório de campo 
montado num hotel na cidade de Manaus. Em alguns casos, os peixes foram enviados, 
via transporte aéreo, para o Laboratório de Genetica Evolutiva da UNIFESP. As 
capturas foram autorizadas pelo Ministério do Meio Ambiente (SISBIO nº 44268-4) e 
nossa metodologia foi aprovada pelo Comitê de Ética em Uso Animal da Universidade 
de Federal de São Paulo (CEUA/UNIFESP nº 9209080214).  
Após a eutanásia e a mensuração dos peixes, foi realizada a análise externa, 
seguida pela necrópsia com exposição das brânquias e da cavidade visceral, com a 
finalidade de detectar eventuais alterações nas características dos órgãos e plasmódios 
e/ou cistos de mixosporídeos. Órgãos ou tecidos infectados por mixosporídeos foram 
coletados e fixados seguindo o protocolo das técnicas que foram empregadas para as 
análises subsequentes (microscopia ótica e eletrônica e análise molecular). No total, 
foram examinados no mínimo 30 espécimes de cada espécie de peixe ornamental 
envolvido no estudo (Corydoras melini, Corydoras leucomelas, Symphysodon discus, 
Hyphessobrycon loretoensis) (Figura 2). 
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Figura 2- Espécies de peixes ornamentais analisados. A- Corydoras melini; B- 
Hyphessobrycon loretoensis; C- Symphysodon discus; D- Corydoras leucomelas. 
Fonte: http://www.fishbase.org.  
 
5. RESULTADOS  
Os resultados desta tese estão divididos em 6 capítulos, os quais trazem 
importantes avanços no conhecimento da diversidade de mixosporídeos parasitos de 
peixes amazônicos, especialmente aqueles envolvidas no aquarismo nacional e 
internacional. 
Nos capítulos de 1 a 4 são apresentados resultados referentes aos estudos 
morfológicos, ultraestruturais e moleculares de quatro novas espécies de mixosporídeos 
dos gêneros Myxidium Bütschli, 1882, Myxobolus Bütschli, 1882, Henneguya Thélohan, 
1892 e Ceratomyxa Thélohan, 1892, os quais foram encontrados parasitando C. melini e 
S. discus oriundos da Amazônia brasileira. Os capítulos 5 e 6 versam sobre estudos 
A B 
D C 
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realizados com C. leucomelas e H. loretoensis capturados na Amazônia peruana, onde 
foram descritas duas novas espécies do Gênero Henneguya. 
A formatação de cada captítulo segue o padrão dos periódicos onde os dados 
foram publicados ou para os quais serão submetidos. 
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Capítulo 1.  
Ultrastructure and ssrRNA sequencing of Myxidium n. sp. a myxosporean parasite 
of Corydoras melini from the Rio Negro river, Amazonas state, Brazil  
 
A formatação segue o padrão do periódico Parasitology Research 
 
Abstract In a survey of myxozoan parasites of ornamental freshwater fish from the Rio 
Negro river, it was found that seven of 30 (23.3 %) Corydoras melini specimens 
examined had plasmodia of a new Myxidium species (Myxidium n. sp.) in the 
gallbladder. The fish were caught in the Rio Negro river, in the municipality of Santa 
Isabel do Rio Negro, in the state of Amazonas, Brazil. The plasmodia had a tubular 
shape, which was organized as a spiral spring with several turns in the gallbladder. The 
development of the myxospores was asynchronic, with disporic pansporoblasts. Mature 
myxospores were elongated, with 17.0±0.9 (16.1– 17.9) μm in length and 3.7±0.7 (3.0–
4.4) μm in width, and lightly arcuate from the valval view, with their bodies tapering 
slowly until ending in rounded extremities. The valval surface had nine to ten grooves 
in each valve. The polar capsules, one at either end of the spore, had a length of 5.4±0.5 
(4.9–5.9) μm and a width of 3.4±0.6 (2.8–4.0) μm. Ultrastructural analysis showed that 
the wall of the plasmodia had numerous microvilli-like structures, pinocytotic canals, 
and cytoplasmic bridges connecting the pansporoblasts to each other and to the 
ectoplasm zone. Phylogenetic analysis, based on a small subunit ribosomal DNA 
(ssrDNA), identified the new species as a sister species of Myxidium ceccarelli, the 
unique South American Myxidium species whose ssrDNA sequence is available in the 
NCBI database. This study is the first description of Myxidium species in ornamental 
freshwater fish from Amazon. 
 
Keywords Myxozoa 
.
 Myxidium 
.
 Systematic
 .
 Gallbladder 
. 
Fish 
. 
Amazon 
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Introduction 
The global trade in aquarium fish involves the buying and selling of about 400 million 
specimens a year. In Brazil, about 100 million ornamental fish were exported from the 
state of Amazonas between 2002 and 2005 (Anjos et al. 2009), a number that included 
169 marketed species. The sale of ornamental fish in the Amazon region is responsible 
for the subsistence of fishing communities in small towns in countries such as Brazil, 
Colombia, Peru, and Guyana (Ajiaco-Martinez et al. 2001; Moreau and Coomes 2006; 
Junk et al. 2007). In Brazil, the state of Amazonas is responsible for 93 % of the total 
number of ornamental fish exported, generating an annual income of about US $ 3.6 
million and generating over ten thousand jobs (IBAMA 2007).  
      The genus Corydoras Lacepede, 1803, is the most species rich genus of 
Siluriformes, with approximately 196 nominal species (Eschmeyer 2013; Espíndola et 
al. 2014). Corydoras melini Lönnberg and Rendahl, 1930 (English name=bandit 
corydoras), is a tropical freshwater fish belonging to the Callichthyidae family, which is 
endemic to South America (Reis 1998). This species is found in the upper Rio Negro 
and Rio Meta river basins in Brazil and Colombia. It can reach up to 5.0 cm in length 
and is popular in the aquarium trade industry (Froese and Pauly 2011).  
      Myxozoans of the genus Myxidium Bütschli, 1882, are typically coelozoic, 
developing in the gallbladder, urinary bladder, or urinary tubules of their intermediate 
vertebrate hosts (Jirků et al. 2006; Bartholomew et al. 2008), and are known around 232 
nominal species (Eiras et al. 2011). Despite of the wide variety of South American 
ichthyofauna (Albert and Reis 2011), only eight Myxidium species have so far been 
identified in this continent (Azevedo et al. 2011; Eiras et al. 2011; Adriano et al. 2014). 
      This study describes, based on morphologic, molecular, and ultrastructural data, a 
new Myxidium species parasitizing the gallbladder of C. melini caught in the Rio Negro 
river, Brazil. 
 
Materials and methods 
Thirty wild C. melini specimens from the Rio Negro, in the municipality of Santa Isabel 
do Rio Negro, in the state of Amazonas, Brazil, were examined in June 2014. Fish were 
transported live to the field laboratory, where they were euthanized by benzocaine 
27 
 
overdose, in accordance with Brazilian law (Federal Law No. 11794, dated 8 October 
2008). All organs and body fluids were examined for myxosporean infection. Mature 
myxospores were examined on fresh wet mounts by light microscopy. Morphological 
and morphometric analyses were performed on mature myxospores obtained from 
different plasmodia based on the criteria outlined by Lom and Arthur (1989). 
Measurements were taken of 30 myxospores using a computer equipped with Axivision 
4.1 image capture software coupled to an Axioplan 2 Zeiss microscope. Smears 
containing free spores were air-dried and stained with Giensa solution and mounted in a 
low-viscosity mounting medium (CytosealTM) on permanent slides. 
      For molecular study, three plasmodia obtained from different gallbladders were 
preserved separately in absolute ethanol. DNA was extracted using a DNeasy® Blood 
& Tissue Kit (Qiagen, USA), in accordance with the manufacturer’s instructions. The 
concentration of the DNAwas measured using a NanoDrop 2000 spectrophotometer 
(Thermo Scientific, Wilmington, USA). Polymerase chain reactions (PCR) were 
conducted in accordance with Adriano et al. (2014). The final reaction volume was 25 
μl, which comprised 10–50 ng of extracted DNA, 1× Taq DNA Polymerase buffer 
(Invitrogen by Life Technologies, Brazil), 0.2 mmol dNTPs, 1.5 mmol MgCl2, 0.2 pmol 
for each primer, 0.25 μl (1.25 U) Taq DNA polymerase (Invitrogen by Life 
Technologies, MD, USA), and ultrapure water. The amplification of fragments 
containing approximately 1.000 and 1.200 bp was performed with the primer pairs 
ERIB1-ACT1R and MYXGEN4f-ERIB10, respectively (Barta et al. 1997; Kent et al. 
2000; Hallett and Diamant 2001). PCRs were performed in an AG22331 Hamburg 
Thermocycler (Eppendorf, Hamburg, Germany) with initial denaturation at 95 °C for 5 
min, followed by 35 cycles at 95 °C for 60 s, 64 °C (ERIB1-ACT1R) or 58 °C 
(MYXGEN4f-ERIB10) for 60 s, 72 °C for 120 s, and then final elongation at 72 °C for 
5 min. PCR products were subjected to electrophoresis in 1.0 % agarose gel 
(BioAmerica, Miami, FL, USA) in a TBE buffer (0.045 MTris-borate, 0.001MEDTA, 
pH 8.0), stained with ethidium bromide, and then analyzed with a FLA-3000 scanner 
(Fuji Photo Film, Tokyo, Japan). PCR products were purified using USB® ExoSap-IT® 
(OH Cleveland, USA) in accordance with the manufacturer’s instructions and 
sequenced using the same PCR primers. Sequencing was performed at the Human 
Genome Research Center (HGRC), at the University of São Paulo, with a BigDye® 
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Terminator v3.1 cycle sequencing kit (Applied Biosystems Inc., CA, USA) in an ABI 
3730 DNA sequencing analyzer (Applied Biosystems). 
      A standard nucleotide-nucleotide Basic Local Alignment Search Tool (BLAST) 
(blastn) search was conducted (Altschul et al. 1997). Bioedit (Hall 1999) was used to 
visually assemble sequence fragments and to compare the coding sequence obtained 
with the 25 most closely related myxozoan taxa, as determined by the BLAST search. 
Phylogenetic analysis was conducted using maximum likelihood (ML) methods with a 
Kimura 2-parameter (K2P) evolution sequence model in the MEGA 6.0 program 
(Tamura et al. 2013). Bootstrap analysis (1000 replicates) was employed to assess the 
relative robustness of the tree branches. The Tetracapsuloides bryosalmonae species 
was used as an outgroup in phylogenetic analysis.  
      For transmission electron microscopy, plasmodia were fixed for at least 12 h in 2.5 
% glutaraldehyde with 0.1 M buffered cacodylate (pH 7.4). After this, the plasmodia 
were washed in the same buffer and post-fixed with osmium tetroxide (OsO4). All 
procedures were performed at 4 °C. After dehydration in an ascending ethanol series, 
the samples were embedded in EMbed 812 resin (Electron Microscopy Sciences, 
Hatfield, PA, USA). Ultrathin sections, double stained with uranyl acetate and lead 
citrate, were examined in an LEO 906 electron microscope operating at 60 kV.  
 
Results 
Of the 30 specimens of C. melini examined, seven (23.3 %) contained plasmodia from 
an unknown Myxidium species floating free in the bile of their gallbladders. These were 
not found in any other organs, and no pathological signs were observed in the 
parasitized gallbladder.  
Myxidium n. sp. (Figs. 1, 2, 3, 4, 5, and 6). 
Description—Plasmodia with a tubular shape organized as a spiral spring with several 
turns within the gallbladder (Fig. 1a–c). Mature myxospores were elongated, measuring 
17.0±0.9 (16.1–17.9) μm in length and 3.7±0.7 (3.0–4.4) μm in width and lightly 
arcuate in valval view, with their bodies tapering slowly and ending in rounded 
extremities. The polar capsules, one at either end of the spore, were 5.4±0.5 (4.9–5.9) 
μm in length, 3.4±0.6 (2.8–4.0) μm in width, and four to five turns in polar filaments 
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(Fig. 1b–d). Light and electron microscopy showed numerous microvilli-like structures 
on the plasmodial surface, mainly in the extremity, which were in the young 
developmental stages (Figs. 1b, c and 2a, b). The wall was composed of a single 
membrane, and numerous pinocytotic canals connected it to the plasmodial ectoplasm 
zone, which was around 8 μm thick and contained a grouping of electron-dense granules 
(Fig. 2a–c). Below the ectoplasm, there were generative cells and disporic 
pansporoblasts in different developmental stages. These pansporoblasts were connected 
to each other through cytoplasmic filiform expansions and had numerous translucent 
spaces between them, which were empty or had amorphous structures, and in some 
cases, contained myelin figures (Figs. 3, 4, and 5). A single binuclear sporoplasm, 
which had large sporoplasmosomes lay between the polar capsules (Fig. 4). The valval 
surface of the myxopores had nine to ten grooves in each valve (Figs. 4, 5, and 6).  
      The result of Myxidium n. sp. ssrDNA sequencing was 1920 bp. The BLAST search 
revealed its closest affinity, 88 %, was with Zschokkella soleae (JX271832). 
Phylogenetic analysis, with 26 species in the ingroup and Tetracapsuloides 
bryosalmonae (U70623) as an outgroup showed the formation of two clades. The 
smaller clade was composed of four marine Myxidium species. The larger clade 
comprised marine and freshwater taxa from the Myxidiidae (Myxidium, Zschokkella, 
and Cystodiscus species) and Sphaeromyxidae (Sphaeromyxa spp.) families. Myxidium 
n. sp. appeared as a sister species of Myxidium ceccarellii Adriano, et al., 2014, a 
parasite of South America freshwater fish (Fig. 7). 
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Fig. 1 Photomicrograph of Myxidium n. sp. parasite of gallbladder of Corydoras melini. 
a filiform plasmodium (arrow) turning inside the gallbladder (G). Scale bar 400 μm. b 
tip of the plasmodium (tp) showing numerous microvilli-like structures (arrows) on the 
surface of the wall and mature myxospores (m) within. Scale bar 10 μm. c two segments 
of middle region of the plasmodium (mp) with few or without microvilli-like structures 
(white arrows) and a tip segment (tp) with numerous microvilli-like structures (empty 
arrows). Note the presence of numerous coupled myxospores. Scale bar 20 μm. d 
Mature fresh myxospore. Scale bar 5 μm.  
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Fig. 2 Electron micrograph of a plasmodium of Myxidium n. sp. parasite of gallbladder 
of Corydoras melini. a transversal section of the plasmodium (P) showing microvilli-
like structures of the plasmodial wall (thin arrows), a wide ectoplasm area (ec), 
pansporoblasts (pp) connected by cytoplasmic bridges (large arrows), and a mature 
spore (m). Scale bar 10 μm. b, c: amplified area of the periphery of the plasmodium 
showing in b details of large and numerous microvilli-like structures (black arrows), a 
single membrane (white arrow), and ectoplasm (ec). Scale bar 500 nm and in c a single 
membrane (large arrows), ectoplasm containing electron dense granules (eg) and 
pinocytic channels (thin arrows). Scale bar 400 nm. 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Electron micrograph of a plasmodium of Myxidium n. sp. parasite of gallbladder 
of Corydoras melini showing pansporoblasts (ps) connected by cytoplasmic bridges 
(large black arrows) with mitochondria (m). Among the cytoplasmic bridges are empty 
areas (e) containing amorphous electro-dense material (large empty arrows) and some 
myelin figures (thin back arrows). Scale bar 2 μm.  
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Fig. 4 Electron micrographs of disporic pansporoblasts of Myxidium n. sp. parasite of 
gallbladder of Corydoras melini. a longitudinal section of immature myxospores (m) 
showing polar capsules with their still externalized polar filaments (thin arrows). Note 
sporoplasm (sp) with two nuclei (n) mitochondria (mt) and cytoplasmic bridges (empty 
arrows). Scale bar 2 μm. b transversal section of immature myxospores (m) in the 
sporoplasm (sp) level showing large sporoplasmosomes (white arrows) and two nuclei 
(n). In the valves, note the presence of grooves (empty arrows) and the points of valvar 
junctions (black arrows). Scale bar 1 μm. 
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Fig. 5 Electron micrographs of disporic pansporoblasts (pp) of Myxidium n. sp. parasite 
of gallbladder of Corydoras melini. a: young developmental stage myxospores (m) 
showing valval cells with their nuclei (n), sporoplasms (sp) and its nucleus (ns), point of 
valvar junctions (thin arrows), nine to ten grooves (large arrows) in the valvar surface 
and cytoplasmic bridges linking the pansporoblasts (empty arrows). b: transversal 
section of advanced developmental stage myxospores (m) in the polar capsule (pc) 
level. Note the polar filaments (asterisks) already internalized and thinner valves than in 
A. A and B show the visible points of valvar junctions (thin arrows), nine to ten 
grooves (large black arrows) in the valvar surface and empty areas outside the 
pansporoblasts containing amorphous electron-dense material (head arrows). Scale 
bars: 1μm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Schematic representation of the mature myxospore Myxidium n. sp. parasite of 
gallbladder of Corydoras melini. an Internal view. b Eexternal view. Scale bars=5 μm. 
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Fig. 7 Maximum likelihood tree topology showing relationships between Myxidium n. 
sp. and other myxosporeans based on partial ssrRNA gene sequences. NCBI accession 
numbers are given after species names. 
 
Discussion 
Several studies in different geographical areas around the world have shown the 
widespread distribution of Myxidium species infecting marine and freshwater fish, some 
reptiles, and birds (Lom and Dykova 2006; Bartholomew et al. 2008; Eiras et al. 2011). 
Despite the considerable information on Myxidium available in literature, with 232 
known species (Eiras et al. 2011), little is known about these parasites in South 
American hosts (Adriano et al. 2014), particularly those from the Amazon, where there 
is a diverse assemblage of several hundred species of live fish (Albert and Reis 2011). 
Indeed, in South America only eight Myxidium species have been described parasitizing 
two marine and six freshwater fish (Azevedo et al. 2011; Eiras et al. 2011; Adriano et 
al. 2014). 
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      The present study described Myxidium n. sp. infecting the gallbladder of C. melini 
from Rio Negro river, in the Brazilian Amazon. To our knowledge, this is the first 
report of Myxidium species in a South American ornamental freshwater fish. The 
morphologic comparison of mature myxospores of Myxidium n. sp. with those from the 
other six Myxidium species parasites of South American freshwater fishes, showed that 
the parasite was readily distinguishable by the shape of its spore, as well as by long 
tubular plasmodia organized as a spiral spring, free within the gallbladder. The most 
similar species to this new species was Myxidium cruzi Penido, 1927, which infects 
Chalsinus nematurus (Gióia and Cordeiro 1996; Eiras et al. 2011). However, this differs 
from Myxidium n. sp. in the shape of its spore (fusiform, with pointed ends), number of 
grooves in each valve (seven longitudinal grooves) and because it is substantially wider 
(5–7 μm). Furthermore, the six species of Myxidium reported as infecting the 
gallbladders of South American freshwater fish were found parasitizing Gymnotiform, 
Characiform, and Osmeriform fish (Viozzi and Flores 2003; Eiras et al. 2011; Adriano 
et al. 2014). This study however, describes for the first time a Myxidium species 
infecting the gallbladder of a fish of the Callichthyidae family, which is endemic to the 
South American continent (Reis 1998). Compared with freshwater Myxidium species 
from other regions of the world, Myxidium n. sp. differed in at least one characteristic 
(shape of plasmodia, size of spore or polar capsule, shape of spore, presence or absence 
or number of valve striations, and number of polar filament turns). However, besides 
morphological and biological characteristics, molecular characterization is highly 
recommended when characterizing a new myxospore species (Gunter et al. 2009; 
Heiniger and Adlard 2014). As such, a BLAST search of the ssrRNA gene sequence of 
Myxidium n. sp. found that it did not match any other myxidiidae sequences available in 
the NCBI database, with the most similar sequence that of Z. soleae, with an affinity of 
only 88 %. This lack of closely related sequences was also observed by Adriano et al. 
(2014) for M. ceccarellii. 
      Phylogenetic analysis of the myxozoan taxa most closely related to Myxidium n. sp., 
as determined by BLAST search, produced a tree with two main clades. The smaller 
was composed exclusively of Myxidium species of marine fishes, while the larger clade 
divided further into a branch containing only Cystodiscus melleni Jirků et al., 2006, 
which infects amphibians (Jirků et al. 2006), and another large subclade clustering 
mainly parasites of freshwater hosts (fish, reptiles and birds) of the Myxidium, 
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Zschokkella and Sphaeromyxa genera. In this subclade, despite low bootstrap support, 
Myxidium n. sp. appears as a sister species of M. ceccarellii, a parasite of South 
American freshwater Characiformes of the Anastomidae family (Adriano et al. 2014). 
This is the first phylogenetic study of a myxidid parasite of Pimelodidae fish, and only 
the seventh Myxidium spp. reported in the South American continent (Azevedo et al. 
2011; Adriano et al. 2014). Therefore, understanding of the phylogenetic relationship of 
these myxosporeans will only be improved with the availability of molecular data of 
new species parasiting distinct host taxa, infection sites, and watersheds. 
      Ultrastructural analysis of Myxidium n. sp. showed the presence of numerous 
microvilli-like and pinocytic channels in the plasmodial wall. Large multinucleate 
plasmodia from coelozoic and histozoic myxosporeans usually develop microvilli-like, 
pinocytic channels in walls (Feist 1995; Adriano et al. 2005; Casal et al. 2006; Azevedo 
et al. 2011; Naldoni et al. 2009, 2015), which clearly increases the absorptive area 
(Canning et al. 1999; Naldoni et al. 2009). These strategies, by which the parasite 
obtains nutrients, support the developmental forms inside the plasmodia (Canning et al. 
1999; Hallett and Diamant 2001; Moreira et al. 2014). According to Feist (1995), in 
Myxidium gadi Georqevltch, 1916, the microvilli gradually vanish when the parasite 
reaches advanced stages of development. Myxidium n. sp. showed a similar profile. 
Once the plasmodia were extremely elongated, they showed intense microvilli-like 
structures in the extremity of the plasmodia, places with a greater prevalence of 
parasites in young developmental stages, while little or absence of microvilli-like 
structures were observed in the middle of the plasmodia, a region with more advanced 
or mature myxospores (Figs. 1b, c and 2b). Also, according to Feist (1995), those 
dynamic of these microvilli may be due to the approximation of sporogenesis 
completion, when the nutritional demands of the plasmodia are reduced and hence the 
microvilli are resorbed. 
      Other interesting features observed in the sporogenesis of Myxidium n. sp. was the 
presence of a cytoplasmic filiform connection among pansporoblasts. These 
cytoplasmic bridges permit the passage of nutrients from the ectoplasm zone to the 
different developmental stages in the deep part of the plasmodium. Similar cytoplasmic 
bridges have been observed by Upenskaya (1969) in Myxidium gasterostei Noble, 1943, 
and by Azevedo et al. (2011) in Myxidium volitans Azevedo et al., 2011.  
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Capítulo 2.  
Morphological and ultrastructural aspects of Myxobolus n. sp. (Myxozoa) gill 
parasite of Corydoras melini (Siluriformes: Callichthyidae) from Brazilian Amazon  
 
A formatação segue o padrão do periódico Acta Tropica 
 
ABSTRACT 
Myxobolus n. sp. (Myxozoa) is described in the connective tissue of the serosa layer of 
the gill arch of Corydoras melini (Callichthyidae) captured from the Negro River, 
Amazonas State, Brazil. The prevalence of the parasite was 20% and the range intensity 
was 1–2 cysts per fish. The plasmodia were white and spherical to ellipsoidal, 
measuring 175 m in diameter and were surrounded by a well-defined capsule of host 
connective tissue, with distinct delicate and interlaced collagen fibers. The myxospores 
body was ellipsoidal in frontal view and biconvex in sutural view. Spore dimensions 
were 11.3 ± 0.4 m in length, 6.8 ± 0.2 m in width and 4.1 ± 0.2 m in thickness. The 
valves were symmetrical and smooth. The two polar capsules were elongated as 
pyriform and equal in size, measure 5.0 ± 0.3 m in length and2.0 ± 0.1 m in width. The 
polar capsule had six to seven polar filament turns. Some aberrant spores were round in 
shape and had three polar capsules. The sporoplasm was binucleated and contained 
moderated number of sporoplasmosomes. The development of the plasmodia was 
asynchronic, with mature and immature spores. The plasmodium had moderated 
pynocitic channels. There were no projections, no invaginations and no microvilli in the 
plasmodial wall. This study is the first description of Myxobolus species in the fish of 
the Callichthyidae family. 
 
Keywords: Myxozoa; Fish parasite; Ultrastructure; Ornamental fish; Amazon 
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1. Introduction  
     Myxozoa is a clade of cnidarians that diverged from their free-living cnidarian 
ancestors becoming miniaturized, morphologically simplified and with complex 
parasitic life cycle and has been enabled to exploit freshwater, marine and terrestrial 
hosts (Bartholomew et al., 2008; Székely et al., 2015; Okamura et al., 2015). Among the 
myxozoans, the genus Myxobolus Bütschli, 1882 is the most abundant, with more than 
850 known species described within a wide geographical range (Eiras et al., 2005; Eiras 
et al., 2014). Around 41 species of Myxobolus have been reported parasitizing fishes in 
South America (Eiras et al., 2014), the continent with the most diversified freshwater 
ichthyofauna (Reis et al., 2003). 
     The ornamental fish sector is a valuable wildlife industry (FAO, 2015). In Brazil, the 
commerce of ornamental fish is responsible for subsistence of fishing communities of 
small towns of the Amazonas State (e.g., Barcellos and Manacapuru). In fact, this State 
is responsible for 93% of the exported ornamental fishes generating an annual income 
of about US$3.6 million (IBAMA, 2007). The genus Corydoras Lacepede, 1803, is a 
callichthyid freshwater catfish endemic to South America, which are very popular in the 
market of ornamental fishes (Reis, 1998, Froese and Pauly, 2011). Despite, the 
commercial importance of Corydoras spp., Myxidium amazonense, is the unique 
myxozoan so far reported to infect fishes of this genus (Mathews et al., 2015). Various 
studies have reported several species of myxosporeans causing considerable 
pathological changes in the gill of their hosts (Molnár, 1998; Pote et al., 2000; Adriano 
et al., 2005; Naldoni et al., 2009). Indeed, when present in sufficient number in the gill, 
myxosporeans can compromise respiratory capacity, because the gill is the major 
respiratory organ and plays an important role in nitrogenous waste excretion and in the 
ionic balance (Noga, 2000).     
     In the present study, morphological and ultrastructural analyses were used to 
describe a new Myxobolus species found in the membrane of the gill arch of the bandit 
corydoras Corydoras melini Lönnberg and Rendahl, 1930 from the Negro River, 
Amazonas State, Brazil.  
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2. Materials and methods  
     In June 2014, thirty specimens of C. melini were collected from the Negro River, 
near the town of Santa Isabel do Rio Negro, Amazonas State, Brazil. Fish were 
transported alive to the field laboratory, where they were euthanized following the 
methodology approved by the ethics research committee of the Federal University of 
São Paulo – UNIFESP, CEUA N 9209080214, and all organs and body fluids were 
examined for myxosporean infections. Mature myxospores were examined on fresh wet 
mounts by light microscopy. Morphological and morphometric analysis were performed 
on mature myxospores obtained from different plasmodia based on the criteria outlined 
by Lom and Arthur (1989). A total of 30 myxospores were measured using a computer 
equipped with Axiovision 4.1 image software coupled to an Axioplan 2 Zeiss 
microscope (Göttingen, Germany). Smears containing free spores were air-dried and 
stained with Giemsa solution and mounted in a low-viscosity mounting medium 
(CytosealTM) on permanent slides. 
     For ultrastructural analysis, small fragments of tissues containing plasmodia were 
fixed in 2.5% glutaraldehyde with 0.1 M buffered cacodylate (pH 7.4), washed in the 
same buffer and post-fixed with osmium tetroxide (OsO4). All procedures were 
performed at 4°C. After dehydration in an ascending ethanol series, the samples were 
embedded in EMbed 812 resin (Electron Microscopy Sciences, Hatfield, PA, USA). 
Ultrathin sections were double stained with uranyl acetate and lead citrate and examined 
in an LEO 906 electron microscope operated at 60 kV. 
 
3. Results  
     Plasmodia of an unknown species of Myxobolus were found in the serosa layer of the 
gill arch of wild specimens of C. melini. The prevalence of the parasite was 20% (6/30) 
and the intensity ranged from 1 to 2 cysts per fish. They were not found in any other 
organs.  
Myxobolus n. sp. (Figs. 1 – 5). 
     Plasmodia 180±0.5 µm in diameter in the serosa layer of the gill arch were spherical 
to ellipsoidal, which contained numerous myxospores (Fig. 1A - B). The spores were 
elongated to ellipsoidal in frontal view and biconvex in sutural view (Fig. 2 A - C), 
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measuring 11.3±0.4 µm in length, 6.8±0.2 µm in width and 4.1±0.2 µm in thickness. 
Two equal and elongated polar capsules (Figs. 2A and 5), measuring 5.0±0.3 µm in 
length and 2.0±0.1µm in width. Polar filaments had six to seven turns aligned 
perpendicularly to the longitudinal axis of the capsule (Figs. 2A and 5). Some aberrant 
spores had three polar capsules and presents the same measurements of normal spore 
(Fig. 2C).   
     The analysis of semi-thin and ultra-thin sections of infected tissue showed plasmodia 
surrounded by a conspicuous capsule of host connective tissue, which was composed by 
layers of delicate collagen fibers disposed in distinct orientation and fibroblasts 
intermingled (Figs. 1A - B and 3A - B). The plasmodial wall had pinocytic channels 
(Fig. 3B), but projections, invaginations and microvilli were not observed. The 
development of the plasmodia was asynchronic, with sporoblasts in different 
developmental stages and immature and mature myxospores (Figs. 3A and 4A - C). The 
spores had a binucleated sporoplasm and contained moderated number of 
sporoplasmosomes (Figs. 3A and 4A). In immature spores, conspicuous desmosomal 
junctions were observed promoting the junction of the valvogenic cells (Fig. 4C). 
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Fig. 1. Photomicrograph of semi fine section of gill arch of Corydoras melini showing 
plasmodium of Myxobolus n. sp. A: Plasmodium (P) in the connective tissue (ct) of the 
gill arch (ga). Note the thin connective tissue surrounding the plasmodium (arrows) and 
the bone (b) of the gill arch. Scale bar: 40 µm. B: amplified area of the plasmodium (P) 
showing the layer of connective tissue (arrows). Scale bar: 10 µm. 
 
Fig. 2. Photomicrograph of mature myxospores of Myxobolus n. sp. parasite of gill arch 
of Corydoras melini. A: myxospore with conspicuous polar filaments turns (arrow). 
Scale bar: 5 µm. B: myxospore in lateral view and with the polar filament extruded 
(arrow). Scale bar: 10 µm. C: aberrant myxospore with three polar capsules (arrows). 
Scale bar: 5 µm.  
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Fig. 3. Electron micrograph of gill arch of Corydoras melini infected with a 
plasmodium of Myxobolus n. sp. A: section showing host cells (H)-parasite interface 
with a thin layer of connective tissue (dotted line) composed by fibers of collagen (f) 
and fibroblasts (fb) surrounding the plasmodium (P). Inside of the plasmodium (P) are 
seen young sporoblasts (sb), fragments of mature (m) and immature (im) myxospores. 
Pc—Polar capsule, sp-sporoplasmosomes. Scale bar: 2µm. B: Amplified area of host 
cells (H)-parasite interface showing collagen fibers disposed in longitudinal (lf) and 
transversal (tf) layers. Note that nearest to the plasmodial wall, the collagen fibers are 
more loose and disorganized (df). Inside the plasmodium (P) may be seen transversal 
sections of pinocytic channels (thin arrows) in the ectoplasm (ec) and greater 
magnification showing the plasmodial wall composed by a single membrane (thick 
arrows). Scale bar: 500 nm. 
 
 
 
 
 
 
 
 
Fig. 4. Electron micrographs of myxospores of Myxobolus n. sp. parasite of gill arch of 
Corydoras melini. A: young developmental stage myxospores (ym) showing 
sporoplasm (spl) with its nucleus (n) and sporoplasmosomes (black arrows) and polar 
capsule (pc) with polar filaments (white arrow) and nucleus of capsulogenic cell (nc). 
Scale bar: 1µm. B: transversal section of the myxospore in sporoplasm (spl) level 
showing each one of the valves (v). Scale bar: 1µm. C: Detail region of junction of the 
valves (v) showing valve-forming material (vm), walls of the valves (black arrows) and 
desmosome-like junctions (white arrow). Pc−polar capsule. Scale bar: 200 nm.  
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Fig. 5. Schematic representation of the mature myxospore of Myxobolus n. sp. parasite 
of gill arch of Corydoras melini. Scale bar: 5 µm. 
 
4. Discussion 
     Previous studies in South America have shown widespread distribution of 
myxosporeans in many cultivated and wildlife fishes (Adriano et al., 2002; Azevedo et 
al., 2012; Carriero et al., 2013; Eiras et al., 2014; Zatti et al., 2015; Mathews et al., 
2015). However, to our knowledge, this is only the second report of a myxosporean 
species infecting fishes of the genus Corydoras, as well as in Amazonian ornamental 
fish in Brazil (Mathews et al., 2015). Furthermore, of the approximately 850 nominal 
species of Myxobolus reported infecting fish around the world (Eiras et al., 2014), our 
study is the first report of presence of Myxobolus parasiting a fish of the Callichthyidae 
family. 
     The morphological data and morphometric parameters of the Myxobolus n. sp. were 
compared with Myxobolus spp. described previously, infecting Siluriformes fish: 
Myxobolus absonus Cellere, Cordeiro and Adriano, 2002, Myxobolus gariepinus Reed, 
Basson and Van As, 2003, Myxobolus pangasii Molnár, Székely, Mohamed, Shaharom-
Harrison, 2006, Myxobolus baskai Molnár, Székely, Mohamed and Shaharom-Harrison, 
2006, Myxobolus cordeiroi Adriano, Arana, Alves, Silva, Ceccarelli, Henrique-Silva 
and Maia, 2009, Myxobolus hakyi Baska, Voronin, Eszterbauer, Müller, Marton and 
Molnar, 2009 and Myxobolus flavus Carriero, Adriano, Silva, Ceccarelli and Maia, 2013 
(Cellere et al., 2002; Reed et al., 2003; Molnár et al., 2006; Adriano et al., 2009; Baska 
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et al., 2009; Carriero et al., 2013). Myxobolus hakyi is similar in shape (ellipsoidal) and 
contains the same amount of polar filaments (six to seven filament turns). However, the 
spores of this species present larger size (15.9±0.59 µm), are substantially thicker 
(5.6±0.53 µm) and have two unequal polar capsules. Nevertheless, when comparing to 
the other six Myxobolus species mentioned above, it was noticed that Myxobolus n. sp. 
was readily distinguishable by the shape of its myxospore (elongated/ellipsoidal) and by 
higher number of polar filament turns (six to seven). When comparing with Myxobolus 
spp. described previously, the myxospores of the Myxobolus n. sp. resembled those of 
Myxobolus heckelii Azevedo, Casal, Matos, Ferreira and Matos, 2009, which is a 
parasite of Centromochlus heckelii, Myxobolus colossomatis Molnár and Békési, 1993, 
parasite of Colossoma macropomum and the spores of Myxobolus metynnis Casal, 
Matos and Azevedo, 2006, a parasite of Metynnis argenteus. However, M. heckelii has 
fewer filament turns (four to five), is thinner (3.1 µm) and is greater in length (12.7 
µm). The polar capsules are smaller in length (2.9 µm) and width (1.7 µm) (Azevedo et 
al., 2009). M. colossomatis has thinner myxospores (3.7 µm) and two larger polar 
capsules (6.0 µm) (Molnár and Békési, 1993). M. metynnis has longer (13.1 µm) and 
wider (7.8 µm) myxospores and also presents two unequal valves and more polar 
filaments (eight to nine filaments) (Casal et al., 2006). Furthermore, these three species 
of Myxobolus were found parasitizing Characidae and Auchenipteridae fishes. In the 
same way, considering the shape and size of myxospores and polar capsules, number of 
polar filament turns, host and tissue affinity, Myxobolus n. sp. differs from all others 
Myxobolus spp. parasites of freshwater fish from other continents at least in one of those 
characteristics.  
     The ultrastructural analysis of the plasmodia of myxozoan species is very important 
for understanding the interactions between these parasites and their hosts (El-Matbouli 
et al., 1990; Adriano et al., 2009; Abdel-Azeem and Abdel-Baki, 2011; Azevedo et al., 
2013). In the present study, Myxobolus n. sp. plasmodia were surrounded by a capsule 
of connective tissue composed of layers of collagen fibers with distinct orientation and 
fibroblasts intermingled, as also observed by Casal et al. (2006) and Azevedo et al. 
(2009), a host reaction commonly reported in several myxosporean species found 
parasitizing fishes (Sitjá-Bobadilla, 2008). 
     As observed in other Myxobolus species, the sporogenesis of Myxobolus n. sp. 
showed different developmental stages, including young sporoblasts with 
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undifferentiated cells to immature spores and mature myxospores (El-Matbouli et al., 
1990; Casal et al., 2006; Adriano et al., 2009; Milanin et al., 2010; Abdel-Azeem and 
Abdel-Baki, 2011). Concerning the mechanisms through which myxosporeans obtain 
nutrients, in Myxobolus n. sp. the presence of few pinocytic channels was observed in 
comparison to Myxobolus spp as also reported by Casal et al. (2002), Milanin et al. 
(2010) and Zatti et al. (2015). 
      In the present study, Myxobolus n. sp. was observed only in the serosa layer of the 
gill arch and plasmodial development occurred in the connective tissue, suggesting the 
affinity of the parasite to this organ and tissue. However, several studies showed that 
myxosporean infections could have a tissue affinity rather than specificity by organ of 
infection (Molnár and Békési, 1993; Eszterbauer, 2004; Cone and Easy, 2005). This fact 
was widely observed in Myxobolus species parasitizing simultaneously different organs 
but a same tissue type, e.g. connective tissue in the same host (Molnár and Békési, 
1993; Adriano et al., 2006; Adriano et al., 2009).  
     Host-specificity has been observed in the majority of the myxozoans (Lom and 
Dyková, 2006) and data have suggested that mainly histozoic freshwater platysporines 
myxosporeans have usually showed high host specificity (Molnár and Eszterbauer, 
2015). So, based on morphological characteristics of the myxospores, in the high host 
specificity demonstrated by histozoic freshwater platysporines, and by the fact that this 
is the first report of a Myxobolus species infecting fish of the family Callichthyidae, one 
may consider Myxobolus n. sp. as a new myxozoan species. Despite the importance of 
molecular data in the description of new myxosporeans taxa, due to the few samples 
obtained (only seven plasmodia to perform morphological, ultrastructural and molecular 
analysis), difficulties in standardizing PCR reactions for this species, and limitations in 
accessing new samples of the same regions, we were not able to provide sequencing 
data of the new species. However, future molecular and phylogenetic studies are highly 
recommended, since this would permit stronger taxonomic comparison, as well as show 
the phylogenetic position of this species in the evolutionary context of myxosporeans. 
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Capítulo 3.  
Morphology and small subunit rDNA-based phylogeny of Ceratomyxa n. sp. 
parasite of Symphysodon discus, an ornamental freshwater fish from Amazon 
 
A formatação segue o padrão do periódico Parasitology Research 
 
Abstract The specious genus Ceratomyxa Thélodan, 1892, infect mainly gallbladder of 
marine fishes, with only five species reported infecting species from freshwater 
environment. This study performed morphological and phylogenetic analyses involving 
a new Ceratomyxa species (Ceratomyxa n. sp.) found in gallbladder of Symphysodon 
discus Heckel, 1840 (Perciformes: Cichlidae), an important ornamental fish endemic to 
Amazon basin. Mature spores were strongly arcuate shaped and measured 7.0 ± 0.3 
(6.2–7.6) μm in length, 15.8 ± 0.4 (15.0–16.7) μm in thickness, and polar capsules 3.22 
± 0.34 (2.4–3.6) μm in length and 2.63 ± 0.17 (2.4–2.9) μm in width. This was the first 
small subunit ribosomal DNA (SS rDNA) sequencing performed to Ceratomyxa species 
parasite of freshwater fish, and the phylogenetic analysis showed Ceratomyxa n. sp. 
clustering in the early diverging subclade of the ceratomyxids, together with species of 
parasites of amphidromous/estuaries fishes, suggesting some role of the transition of the 
fishes between marine/freshwater environments in the evolutionary history of these 
parasites. 
 
Keywords Systematic - Myxozoa - Myxosporea - Fish parasite - Ornamental fish -
 
Ceratomyxidae evolution 
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Introduction 
Among the myxosporeans, the genus Ceratomyxa Thélodan, 1892, is one of the most 
specious, with around 230 species which infect mainly gallbladder of marine fishes, 
despite only five species reported infecting species from freshwater environment (Eiras 
2006; Gunter et al. 2009; Azevedo et al. 2013; Mansour et al. 2015). South America is 
the continent with the greatest diversity of freshwater fishes (Schaefer 1998) and has   
almost 120 myxosporeans species reported, the large majority in freshwater fish 
(Adriano and Oliveira 2016). In this myxosporean fauna, the number of species 
belonging to the genus Ceratomyxa is restrict to four, and only Ceratomyxa microlepis 
Azevedo, Rocha, Casal, São-Clemente, Matos, Al-Quraishy & Matos, 2013, parasite of 
Amazonian Hemiodus microlepis, has been reported in freshwater fish (Azevedo et al. 
2013). In this context, while numerous small subunit (SS) rDNA sequences are 
available to marine Ceratomyxa species worldwide, there exist no available data about 
species from freshwater fishes (Fiala et al. 2015), making it impossible to understand 
their evolutionary history in the context of the marine lineage.  
     The present study provides morphological and SS rDNA data of a Ceratomyxa 
species found infecting gallbladder of the freshwater Symphysodon discus Heckel, 1840, 
an important perciform fish in the global aquarium trade (Crampton 2008), endemic to 
the lowland Amazon basin (Ready et al. 2006; Bleher et al. 2007). The parasite was   
considered a new species and its phylogenetic relationship was discussed in the context 
of marine Ceratomyxa lineage.  
 
Materials and methods 
In December 2014, 30 wild S. discus specimens were collected by seine netting from 
the Rio Negro, near the city of Manaus, in the state of Amazonas, Brazil. The catches 
were authorized by Brazilian Ministry of the Environment (SISBIO n ° 44268–4), and 
fish were transported live to a field laboratory where they were euthanized following the 
methodology approved by the ethics research committee of the Federal University of 
São Paulo – UNIFESP, CEUA N 9209080214. All organs and body fluids were 
examined for myxosporeans infection using a light microscope. Morphological and 
morphometric analyses were performed on mature spores based on the criteria outlined 
by Lom and Arthur (1989) and Gunter et al. (2009). Measurements were taken from 30 
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spores using a computer equipped with Axivision 4.1 image capture software coupled to 
an Axioplan 2 Zeiss microscope (Göttingen, Germany). The dimensions of the spores 
(in micrometers) were expressed as the mean ± standard deviation followed by the 
range in parentheses. Smears containing free spores were air-dried and stained with 
Giensa solution and mounted in a low-viscosity mounting medium (CytosealTM) on 
permanent slides to be deposited in the collection of the Museum of Zoology “Adão 
Jose Cardoso” State University of Campinas, São Paulo, Brazil. 
     Extraction of DNA was performed from infected bile preserved in ethanol. The 
sample was pelleted at 8000 rpm for 5 min and the ethanol removed. DNAwas extracted 
from the pellet using a DNeasy® Blood & Tissue Kit (animal tissue protocol) 
(QIAGEN Inc., California, USA), in accordance with the manufacturer’s instructions. 
The product was eluted in 50 μl Buffer AE and then quantified in a NanoDrop 2000 
spectrophotometer (Thermo Scientific, Wilmington, USA) at 260 nm.  
     Polymerase chain reactions (PCRs) were conducted with a final reaction volume of 
25 μl, which comprised 10–50 ng of extracted DNA, 1× Taq DNA Polymerase buffer, 
0.2 mmol dNTPs, 1.5 mmol MgCl2, 0.2 pmol for each primer, 0.25 μl (1.25 U) Taq 
DNA polymerase (all reagents used were from Invitrogen By Life Technologies, 
Maryland, USA), and ultrapure water. The SS rRNA gene of Ceratomyxa n. sp. was 
amplified as described by Fiala et al. (2015), with universal eukaryotic primers ERIB1 
(ACCTGGTTGATCCTGCCAG; Barta et al. 1997) with ERIB10 
(CTTCCGCAGGTTCACCTACGG; Barta et al. 1997). The amplification was 
performed in the Mastercycler® nexus (Eppendorf, Hamburg, Germany), with an initial 
denaturation step at 95 °C for 5 min, followed by 35 denaturation cycles at 95 °C for 60 
s, annealing at 60 °C for 60 s, and extension at 72 °C for 120 s, following by a terminal 
extension at 72 °C for 5 min. A control reaction was processed in order to check for 
possible contamination. The amplicons were analyzed via 1.5 % agarose gel 
electrophoresis Tris–borate–EDTA (0.045 M Tris–borate, 0.001M EDTA, pH 8.0) 
stained with GelRed® (Biotium™) and analyzed on a Compact Digimage System 
transilluminator (Major Science™). The sizes of the fragments were estimated by 
comparison with 1 kb Plus DNA Ladder (Invitrogen By Life Technologies, Maryland, 
USA). The PCR products were purified with QIAquick® PCR Purification Kit 
(QIAGEN Inc., California, USA) according to manufacturer’s instructions. Sequencing 
was performed at the Human Genome Research Center (HGRC), at the University of 
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São Paulo, with a BigDye® Terminator v3.1 cycle sequencing kit (Applied Biosystems 
Inc., California, USA) in an ABI 3730 DNA sequencing analyzer (Applied Biosystems). 
     A standard nucleotide BLAST (blastn) search was conducted to verify the similarity 
of the sequence obtained in this study with other sequences available in the GenBank 
database (Altschul et al. 1997). All Ceratomyxa species sequences plus Ceratonova 
shasta AF001579 and Ceratonova gasterostea KF751186, Myxodavisia bulani 
KM273030 and Palliatus indecorus DQ377712 were aligned by ClustalW (Thompson 
et al. 1997) using the BioEdit program (Hall 1999) and used in the phylogenetic 
analysis. Tetracapsuloides bryosalmonae KF731712 and Buddenbrockia plumatellae 
AY074915 sequences were used as out group. 
     The phylogenetic analysis was performed using the maximum likelihood (ML) 
method by PhyML software (Guindon et al. 2010) of online execution, with NNI 
search, automatic model selection by SMS (Smart Model Selection), under a 
GTR+G6+I substitution model, optimized equilibrium frequencies, estimated 
transition/transversion ratio, fixed proportion of invariable sites (0.095), and fixed 
Gamma shape parameter (0.397).  
 
Results 
Of 30 S. discus examined in December 2014, size ranging from 9.3 to 12.1 cm, 22 
(73.3 %) had spores of a not described Ceratomyxa species in the gallbladder. The 
vegetative stages were not observed, being numerous spores observed in the bile. These 
were not found in any other organs and no pathological signs were observed in the 
parasitized gallbladder. 
Mature spores are strongly arcuate shaped in valval view. Valve cells approximately 
equal-size, slightly tapering, and ending in rounded extremities. Surface without 
discernable ornamentation measured 7.0 ± 0.3 (6.2–7.6) μm in length, 15.8 ± 0.4 (15.0–
16.7) μm in thickness, and posterior angle 105–115°. Polar capsules sub spherical in 
shape and equal size situated on either side of the sutural line, with 3.22 ± 0.34 (2.4–
3.6) μm in length and 2.63 ± 0.17 (2.4–2.9) μm in width. Polar filament appears with 3 
to 4 turns. The sporoplasm occupies nearly half of each valve (Fig. 1). 
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Phylogenetic analysis 
The SS rDNA sequencing of Ceratomyxa n. sp. resulted in a sequence with 1591 nt that 
did not match none myxozoans sequence available in GenBank in the BLAST search. 
The phylogenetic analysis showed Ceratomyxa n. sp. clustering in the early diverging 
subclade, which also have Ceratomyxa leatherjacketi Fiala, Hlavnickova, Kodadkova, 
Freeman, Bartošova-Sojkova and Atkinson, 2015, Ceratomyxa tunisiensis Thabet, 
Mansour, Al Omar & Tlig-Zouari, 2016, and the basal species M. bulani Fiala, 
Hlavnickova, Kodadkova, Freeman, Bartošova-Sojkova and Atkinson, 2015 (Fig. 2).  
 
 
 
 
Fig. 1 Ceratomyxa amazonensis 
n. sp. parasite of gallbladder of 
Symphysodon discus. a and b 
Micrographs of mature spores, 
scale bars = 5 μm. c Line drawing 
 
 
 
 
Fig. 1 Ceratomyxa n. sp. parasite of gallbladder of Symphysodon discus. a and b 
Micrographs of mature spores, scale bars = 5 μm. c Line drawing of spore. Scale bar = 
10 μm.  
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Fig. 2 Phylogram based on maximum likelihood analysis using the SS rDNA dataset 
showing the position of Ceratomyxa n. sp. Bootstrap values above 70 are indicated at 
the nodes. GenBank accession numbers are after the species name 
 
Discussion 
Although there are several studies for Ceratomyxa spp. infecting a wide range of fishes 
worldwide (Eiras 2006), information about these parasites in South America 
ichthyofauna is scarce and so far, only four species has been reported: Ceratomyxa 
curvata Cunha & Fonseca, 1918, from Odontaspis americanus, Ceratomyxa 
hippocampi Cunha & Fonseca, 1918, from Hippocampus punctulatus, both from 
Brazilian Atlantic coast, Ceratomyxa dissostichi Brickle, Kalavati & MacKenzie, 2001, 
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from Dissostichus eleginoides from the Falklands islands and C. microlepis from H. 
microlepis from Amazon basin, being this latter the unique species from fresh water 
(Eiras 2006; Azevedo et al. 2013). Worldwide, besides C. microlepis only four other 
species are known to infect hosts in freshwater environment worldwide: Ceratomyxa 
anguillae Tuzet & Ormières, 1957, from Anguilla anguilla from France, Ceratomyxa 
hilsae Chakravarty, 1939, from Hilsa ilisha from India, Ceratomyxa hongtzensis Hsieh 
& Chen, 1984, from Pelteobagrus eupogon from China and Ceratomyxa hungarica 
Molnár, 1992, from Proterorhinus marmoratus from Hungary.  
     Ceratomyxa n. sp. was found infecting a cichlid freshwater fish endemic from the 
Amazon Basin (Ready et al. 2006; Bleher et al. 2007) and the morphology sharply 
arched of its spore diverges from all others Ceratomyxa species from freshwater fishes, 
including C. microlepis. Regarding Ceratomyxa species from marine environment 
worldwide, the morphology of spores of Ceratomyxa n. sp. resembles those of 
Ceratomyxa protopsettae Fujita, 1923, Ceratomyxa flexa Meglitsch 1960, Ceratomyxa 
hokarari Meglitsch 1960, Ceratomyxa uncinata Meglitsch 1960, Ceratomyxa 
trichinocephali Kpatcha, Diebakate, Faye & Toguebaye, 1996, Ceratomyxa 
trachinocephali Kpatcha, Diebakate, Faye & Toguebaye, 1996, and Ceratomyxa costata 
Aseeva, 2001. However, besides occurring in hosts of marine environment, these 
species differ from Ceratomyxa n. sp. in at least one characteristic, as size of spore 
and/or polar capsule and/or number of polar filament turns (Meglitsch 1960; Kpatcha et 
al. 1996; Eiras 2006). 
     In a detailed phylogenetic analysis, Fiala et al. (2015) showed that the majority of 
Ceratomyxa species clustered in a more recent taxon-rich subclade, with M. bulani and 
C. leatherjacketi forming the older ceratomyxid lineage. In our analysis, this older 
evolutionary subclade was enriched with the insertions of the sequences of the marine 
species C. tunisiensis, found infecting Caranx rhonchus and Trachurus trachurus from 
the Mediterranean Sea (Thabet et al. 2016) and that of Ceratomyxa n. sp., the first of 
freshwater environment. The subclade also shows clustering of species from different 
geographical areas, being C. leatherjacketi and M. bulani from Indian Ocean and C. 
tunisiensis from Mediterranean Sea (Fiala et al. 2015; Thabet et al. 2016), a picture 
previously observed by Gunter et al. (2009) and Fiala et al. (2015). However, in a more 
detailed exam of this subclade, it can be observed that of the four species that compose 
it, the basal M. bulani was described in Megalps cyprinoides, an amphidromous fish, C. 
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tunisiensis infects C. rhonchus, that inhabits brackish-water lagoons and estuaries 
(Froese and Pauly 2009) and Ceratomyxa n. sp. parasites S. discus, endemic to 
floodplain habitats of the lowland Amazon basin. These data suggest some ancient, but 
still obscure evolutionary interaction between marine Ceratomyxa lineage and 
freshwater host, and as suggested by Fiala et al. (2015), stress the important role of the 
transition of the host fishes between marine/freshwater environments in the 
evolutionary history of these parasites.  
     Nevertheless, being this the unique available sequence of a Ceratomyxa species from 
freshwater environment, future studies resulting in sequences of other freshwater 
species, from Amazon and/or other regions, will be very important in the enlightenment 
of the actual evolutionary relation of the freshwater Ceratomyxa species to the specious 
marine group.  
Capítulo 4.  
Henneguya n. sp. 1 (Myxosporea: Myxobolidae), a parasite of Corydoras melini 
(Teleostei: Siluriformes) in the Amazon region: Morphological and ultrastructural 
aspects 
 
A formatação segue o padrão do periódico Parasitology Research 
 
Abstract A new species of myxozoan, Henneguya n. sp. 1 (Myxosporea: 
Myxobolidae), was described based on morphologic and ultrastructural features. This is 
a parasite of the ornamental freshwater fish Corydoras melini from the Rio Negro, and 
it was found in five of 30 (16.7 %) C. melini examined. The parasite was found in the 
gill filaments, and the plasmodia had form of round to ellipsoid, with mature and 
immature spores inside them. The average spore body was 15.5±0.2 µm in length, 
4.7±0.1 µm in width, and the tail measured 25.3± 0.1 µm in length. The spores showed 
typical features of the genus Henneguya, with two valves of equal size and two 
symmetrical polar capsules of 4.8±0.7 µm in length and 1.7± 0.3 µm in width. Each 
polar capsule had a polar filament with five to 6 turns. Based on morphology 
(morphologic and ultrastructural data) of the plasmodia and spores and the fact that this 
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is the first report of a Henneguya species in a fish species of the genus corydoras, it was 
considered a new myxozoan species.  
Keywords Myxozoa, Henneguya, Taxonomy, Fish, Amazon 
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Introduction  
Interest in the Myxozoa as significant fish parasites is still increasing with the growing 
importance of fish farm and wild fisheries around of the world. Henneguya Thélodan, 
1982 (Myxozoa: Myxosporea) is one of the genera from family Myxobolidae with the 
highest diversity (Eiras 2002). Currently more than 200 species are known (Eiras 2002; 
Eiras and Adriano 2012), and in recent years, South America has been the continent 
where more than 50% of the new species reported (Eiras and Adriano 2012). Species of 
the genus Henneguya are predominantly histozoic, invading different organs and 
causing considerable pathological changes (Dyková and Lom 1978; Molnár 1998; Pote 
et al. 2000; Adriano et al. 2005; Naldoni et al. 2009; Morsy et al. 2009; Barassa et al. 
2012).  
     Corydoras melini Lönnberg and Rendahl, 1930 (English name=bandit corydoras), is 
a Siluriformes freshwater fish belonging to the Callichthyidae family, that harbor 
freshwater fishes with occurrence restricted to the Neotropical Region (Panama and 
South America) (Reis 1998). C. melini is endemic to the upper Rio Negro and Rio Meta 
basins in Brazil and Colombia (Reis 1998; Froese and Pauly 2011), and it is popular in 
the aquarium trade industry (Froese and Pauly 2011). Despite the commercial 
importance of species of the genus Corydoras, only two myxozoans have been reported 
infecting them (Mathews et al. 2015, 2016).  
     Herein, as part of a continuous study of freshwater myxozoans biodiversity, was 
described a new species of Myxozoa, Henneguya n. sp. 1, which was found in the gill 
filaments of C. melini from the Rio Negro, Amazonas State, Brazil. The parasite was 
characterized based on critical morphological features using light and transmission 
electron microscopy. 
 
Materials and methods 
 
Thirty wild C. melini specimens (ranging from 4.5 to 5 cm in length) caught in the Rio 
Negro, municipality of Santa Isabel do Rio Negro (0°24′50″S, 65°01′08″O), Amazonas 
state, Brazil, were examined in June 2014. Fish were transported live to the field 
laboratory, where they were euthanized following the methodology approved by the 
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ethics research committee of the Federal University of São Paulo – UNIFESP, CEUA N 
9209080214.  
     All organs and body fluids were examined for myxosporeans infection. Mature 
myxospores were examined on fresh wet mounts by light microscopy. Morphological 
and morphometric analyses were performed on mature myxospores obtained from two 
different plasmodia based on the criteria outlined by Lom and Arthur (1989). 
Measurements were taken of 30 myxospores using a computer equipped with Axivision 
4.1 image capture software coupled to an Axioplan 2 Zeiss microscope. Smears 
containing free spores were air-dried and stained with Giensa solution and mounted in a 
low-viscosity mounting medium (CytosealTM) on permanent slides. 
     For ultrastructural examination, plasmodia were fixed for at least 12 h in 2.5 % 
glutaraldehyde with 0.1 M buffered cacodylate (pH 7.4). After this, the plasmodia were 
washed in the same buffer and post-fixed with osmium tetroxide (OsO4). All procedures 
were performed at 4 °C. After dehydration in an ascending ethanol series, the samples 
were embedded in EMbed 812 resin (Electron Microscopy Sciences, Hatfield, PA, 
USA). Ultrathin sections, double stained with uranyl acetate and lead citrate, were 
examined in an LEO 906 electron microscope operating at 60 kV.  
 
Results  
     Five out of 30 (16.7 %) specimens of C. melini caught from the Rio Negro had 
plasmodia of an unknown Henneguya species in the gill filaments. The intensity ranged 
of one to three cysts per fish and they were not found in any other organs.  
Henneguya n. sp. 1 (Figs. 1, 2, 3and 4).  
      Round to ellipsoidal cysts measured up to 260 µm in diameter and with numerous 
myxospores were found in the gill filaments of C. melini (Fig. 1a). Mature myxospores 
were ellipsoidal in shape from the frontal view, and had a total length of 40.8±0.3 
(40.3−41.1) μm, a body length of 15.5±0.2 (15.3− 15.7) μm, width of 4.7±0.1 (4.6 − 4.8) 
μm and the tail measured 25.3±0.1 (25.2− 25.4) μm in length. The two polar capsules 
were elongated and equal in size, and have 4.8±0.5 (4.3−5.3) μm in length and 1.7±0.3 
(1.4−2.0) μm in width. They occupied only the anterior third of the myxospore body 
and helical filament with five to six coils was arranged obliquely to the longitudinal axis 
(Figs. 1b-c and 4).  
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     Ultrastructural analysis showed a connective capsule surrounding the plasmodia, 
which was composed by collagen fibrils and some fibroblasts (Figs. 2 and 3a and b). 
The wall of the plasmodia consisted of a single membrane and the periphery of the 
ectoplasm had several pinocytic channels (Figs. 2 and 3b). The development of the 
plasmodia was asynchronous, with numerous mature spores in the central area and 
young developmental in the periphery (Figs. 1a, 2 and 3). Sections of immature 
myxospores indicated a polar capsule with five to 6 coils positioned obliquely to the 
longitudinal axis of the capsule and binucleated sporoplasms that contained several 
sporoplasmosomes (Figs. 2 and 3a). Capsulogenic and valvogenic cells were readily 
recognized in the developing sporoblast by the presence of bulbous capsular primordia 
and associated external tube in the first and by valve-forming materials in the second 
(Fig. 2).  
 
 
 
 
 
 
 
 
 
Fig. 1 Light photomicrographs of Henneguya n. sp. 1 parasite of the gill filaments of 
Corydoras melini. a Plasmodium (P) with numerous spores inside (sp). Scale bar=40 
μm. b, c Mature spores. Note in c the polar filaments inside of the polar capsules (white 
arrow). Scale bars=10 μm   
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Fig. 2 Electron micrography of plasmodia (P) of Henneguya n. sp. 1 parasite of the gill 
filaments of Corydoras melini showing the host–parasite interface. Externally can be 
seen connective tissue layer (ct) with collagenic fibers (f) and fibroblasts cells 
(asterisk), surrounding the plasmodial wall (large black arrows). Internally are seen a 
thin ectoplasm (ec), fragments of mature spores (ms), and disporic sporoblasts (sb) with 
immature spores (is). In a, note young sporoblast developmental stage with polar 
filaments (large white arrows) still out of the polar capsules (pc). In b, the sporoblast is 
in more advanced developmental stage, with the polar filament inside of the polar 
capsule, abundant valve-forming material (vm), and conspicuous sutural line (white thin 
arrows). The binucleate sporoplasms (sp) have numerous sporoplasmosomes (thin black 
arrows). cp capsulogenic cells, nc nucleus of capsulogenic cell, n nucleus Scale bars=2 
μm.  
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Fig. 3 Electron micrography of plasmodia (P) of Henneguya n. sp. 1 parasite of the gill 
filaments of Corydoras melini. a Almost mature spores (sp). Note the sutural lines 
(large arrows), polar capsules (pc), and sporoplasm (spl) with its nucleus (n) and 
sporoplasmosomes (thin arrow). Scale bar = 2 μm. b Amplified area of a showing 
longitudinal and transversal distributions of the collagenic fibers ( f ) in the connective 
tissue layer (ct), single membrane of the plasmodial wall (large arrow), and pinocytotic 
channels (thin arrows) in the ectoplasm (ec). Scale bar=1 μm. c Spores (sp) with details 
of the polar filaments (arrows) in the polar capsules (pc). Scale bar=2 μm.  
 
 
 
 
 
 
 
 
Fig. 4 Schematic representation of mature spores of Henneguya n. sp. 1 from the gill 
filaments of Corydoras melini. Scale bar=5 μm.  
  
60 
 
Discussion 
     Several studies have reported infections of species of the genus Henneguya 
Thélodan, 1982 in Amazonian fishes (Rocha et al. 1992; Azevedo and Matos 1995; 
Casal et al. 1997; Vita et al. 2003; Feijó et al. 2008; Videira et al. 2015). However, to 
our knowledge, this is the first report of a Henneguya species parasitizing fish of the 
family Callichthyidae in the Amazon basin and the first report of this parasite infection 
in Corydoras fish in South America. In the present study, based on morphological 
features obtained by light and electron microscopy, Henneguya n. sp. 1 is described 
parasitizing gill filaments of C. melini, a callichthyid fish endemic to the upper Rio 
Negro and Rio Meta basins in Brazil and Colombia (Reis 1998; Froese and Pauly 2011).  
     The morphological and morphometric data of Henneguya n. sp. 1 were compared 
firstly with all Henneguya spp. described previously infecting South America 
siluriforms freshwater fish (Matos et al. 2005; Abdallah et al. 2007; Eiras et al. 2009; 
Naldoni et al. 2009; Naldoni et al. 2011; Adriano et al. 2012; Carriero et al. 2013; 
Naldoni et al. 2014). The most similar species to the new species were Henneguya 
maculosus, Carriero, Adriano, Silva, Ceccarelli and Maia, 2013, which infects 
Pseudoplatystoma corrucans and Henneguya eirasi, Naldoni, Maia, Silva, Carriero, 
Ceccarelli, Tavares and Adriano, 2011, which infect Pseudoplatystoma fasciatum and 
P. corrucans. However, these differ from Henneguya n. sp. 1 in the size of the spore 
(13.3±0.7 μm in length to H. maculosus, 37.1±1.8 μm to H. eirasi and 40.8±0.3 μm to 
the new species), number of coils in the polar filament (six to seven to H. maculosus, 12 
to 13 H. eirasi and five to six to the new species) and because the tail is substantially 
greater in length (25.3±0.1 μm in the new species and 17.5±1.0 μm in H. maculosus and 
23.6±2.2 μm in H. eirasi). Considering Henneguya guanduensis Addallah, Azevedo, 
Luque and Bomfin, 2007, which was described from Hoplosternum littorale, the closest 
host species to C. melini, the comparison showed shorter and wider spores for H. 
guanduensis, with 33.6 x 6.5 μm, while 40.8 x 4.7 μm for Henneguya n. sp. 1 The tail 
was smaller for H. guanduensis with 19.0 μm, versus 25.3 μm for Henneguya n. sp. 1 
and still the two polar capsules of H. guanduensis are unequal in size, while they are 
equal in Henneguya n. sp. 1. 
     Compared with Henneguya species which infect siluriformes fish from other regions 
of the world (Sarkar 1985; Landsberg 1987; Konstoïngue et al. 2001; Reed et al. 2003; 
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Molnar et al. 2006; Iwanowicz et al. 2008; Griffin et al. 2008; Rabie et al. 2009; Morsy 
et al. 2012), Henneguya n. sp. 1 resembles those of Henneguya suprabranchiae and 
Henneguya gurlei, which infect the freshwater catfish Clarias lazera and Ameiurus 
nebulosus, respectively (Landsberg 1987; Iwanowicz et al. 2008). However, a small 
number of noticeable morphologic differences were observed, such as spore tail length 
(25.3 μm for Henneguya n. sp. 1; 41.1 μm for H. gurlei and 29.0 μm for H. 
suprabranchiae) and the number of turns of the polar filaments (five to six turns in 
Henneguya n. sp. 1, 10 to 11 turns in H. suprabranchiae and nine turns in H. gurlei). 
Other differences may also be observed in the width of the spores (4.7 μm for 
Henneguya n. sp. 1; 3.0 μm for H. suprabranchiae and 5.4 μm for H. gurlei).  
The morphology of Henneguya n. sp. 1 also was compared with Henneguya species 
that have been reported infecting gills of not siluriformes fishes from Amazon basin. 
The species described in this paper has a total size similar to that of Henneguya 
aequidens, Videira, Velasco, Azevedo, Silva, Gonçalves, Matos and Matos, 2015 and 
Henneguya striolata, Casal, Matos and Azevedo, 1997. However, H. aequidens has 
longer tail (27±0.6 µm), is greater in width (6±0.8 µm) and the polar capsules are 
smaller in length (3±0.3 µm) (Videira et al., 2015). In the same way, H. striolata has 
more number of filament turns (13 to14) and the polar capsules are smaller in width 
(1.1-1.3 μm) (Casal et al., 1997). Regarding the body width of spore, polar capsule 
width or length and shape, Henneguya n. sp. 1 resembles Henneguya astyanax, Vita, 
Matos, Azevedo, 2003, Henneguya friderici, Casal, Matos and Azevedo, 2003, 
Henneguya amazonica, Rocha, Matos and Azevedo, 1992, Henneguya adherens, 
Azevedo and Matos, 1995, Henneguya malabarica, Azevedo and Matos, 1996 and 
Henneguya schizodon, Eiras, Malta, Varella and Pavanelli, 2004. Nevertheless, it has 
been noticed that the parasite was readily distinguishable by lower number of polar 
filament turns (five to 6 for Henneguya n. sp. 1; 8-9 for H. astyanax, 7-8 for H. friderici, 
6-7 for H. malabarica and 8-10 for H. schizodon). Differences may also be observed in 
the length of the tail of the spores (25.3 μm for Henneguya n. sp. 1; 18.5 μm for H. 
adherens, 41.7 μm for H. amazonica, 32.6 μm for H. astyanax, 19.1 μm for H. friderici 
and 16.3 μm for H. schizodon). In the same way, considering the shape and size of 
myxospores and polar capsules, number of polar filament turns, host and tissue affinity, 
Henneguya n. sp. 1 differs from all others Henneguya spp. parasites of freshwater fish 
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found out of the Amazon basin, at least, in one of those characteristics (Eiras 2002; 
Eiras and Adriano 2012).  
Ultrastructural studies on the plasmodial wall of species of the Henneguya genus are 
of major important for understanding host–parasite interactions and to show the 
characteristic features of this important group of parasites (Current and Janovy 1976; 
Hallett and Diamant 2001; El-Mansy and Bashtar 2002; Abdel-Ghaffar et al. 2008). The 
plasmodial wall of Henneguya n. sp. 1 is bordered by a single membrane and presents 
pinocytotic channels in the ectoplasma zone of the plasmodium, which are clearly 
involved in nutrient aquisition, to supporting the developmental forms inside the 
plasmodia (Hallett and Diamant 2001; El mansy and Bashtar 2002; Naldoni et al. 2014). 
Sporogenesis of Henneguya n. sp. 1 has many similarities with other previously 
described Henenguya species (Ali 1999; Casal et al. 2003; Abdel-Ghaffar et al. 2008; 
Naldoni et al. 2011), however, there was only a thin layer of the plasmodia with young 
developmental stages and mature spores viewed near the peripheric area, characterizing 
asynchronic development, but with slow development. The plasmodia were surrounded 
by connective tissue capsule, with fibroblast and collagen fibers slow layers disposed 
transversal and longitudinally, as observed in other studies (Adriano et al. 2005; Matos 
et al. 2005; Sitjà-Bobadilla 2008; Iwanowicz et al. 2008). 
     The new species has been characterized only on morphological/morphometric, host, 
and geographic area data, we recognize the importance of molecular data in the 
descriptions of new myxosporeans taxa. However, some difficulties were encountered 
to standardizing PCR reactions to this species, which, added to the few samples 
obtained and limitations to accessing new samples of the same regions, making it 
impossible to provide sequencing data of Henneguya n. sp.1 So, future molecular and 
phylogenetic studies are highly recommended, since they will permit stronger 
taxonomic comparison, as well as show the phylogenetic position of this species in the 
evolutionary context of myxosporeans. 
In the present study, the prevalence and intensity of Henneguya n. sp. 1 was 
relatively low, with only 16.7% of the specimens of C. melini being infected and with 
an intensity of infection ranging from one up to three plasmodia. This finding is in 
agreement with other Henneguya spp. from South American siluriforms from natural 
environment. Martins et al. (2004), reported a prevalence of 13.4% for Henneguya sp. 
parasite of Pimelodus maculatus, Naldoni et al. (2011), who reported for Henneguya 
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eirasi a prevalence of 17.1% in specimens of Pseudoplatystoma corrucans and P. 
fasciatum, and Carriero et al. (2013), who reported a prevalence of 16% and 19% for 
Henneguya maculosus in P. reticulatum and P. corrucans. However, the results in the 
present study are in contrast with those described by Naldoni et al. (2009), who reported 
a high prevalence, which ranged of 75 up to 100% for Henneguya Pseudoplatystoma 
infecting the farmed pintado hybrid (P. corrucans x P. fasciatum). 
In our study, no disease symptoms were observed in the infected fish specimens. 
However, several species of the family Myxobolidae have showed to induce pathogeny 
in their hosts (Molnár 1998; El Mansy and Bashtar 2002; Mohammed et al. 2002; 
Adriano et al. 2005; Feist and Longshaw 2006; Ali et al. 2007; Naldoni et al. 2009). 
Thus, as C. melini is commonly used in aquariums, there is a need of constant 
monitoring of the fish for diagnosis and timely control of infections by myxosporean to 
better prevent future disease outbreaks.  
Capítulo 5.  
Morphology and small subunit rDNA-based phylogeny of a new Henneguya 
species, infecting the ornamental fish Corydoras leucomelas from the Peruvian 
Amazon 
 
A formatação segue o padrão do periódico Acta Tropica 
 
ABSTRACT  
A new species of Myxosporea, Henneguya n. sp. 2 is described parasitizing the gill 
filaments from 17 of 35 specimens (48.5%) of Corydoras leucomelas (Siluriformes: 
Callichthyidae) caught in the Nanay River, near village Ninarumi, in the Loreto state, 
Peru. Mature spores were ellipsoidal in shape from the frontal view, measuring 36.2 ± 
0.1 μm (36.1 – 36.3) in total length, 14.3 ± 0.1 μm (14.2 – 14.4) in body length, 5.1 ± 
0.1 μm (4.9 – 5.3) in width and 21.9 ± 0.1 μm (21.8 – 22.0) in the caudal process. The 
two polar capsules were symmetrical and elongated, measuring 5.1 ± 0.1 μm (4.9 – 5.3) 
in length and 2.4 ± 0.2 μm (2.1 – 2.7) in width, containing a polar filament with five 
coils arranged obliquely to the longitudinal axis. The sporoplasm was binucleate. Partial 
sequencing of the ssu-rDNA of Henneguya n. sp. 2 resulted in a total of 1676 
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nucleotides, and this sequence did not match any of the myxozoan available in the 
GenBank. The phylogenetic analysis shows Henneguya n. sp. 2 as a sister species of 
Henneguya paraensis, another amazonian myxozoan parasite of Cichla temensis 
(Perciformes: Cichlidae).  
 
Keywords: Henneguya; Myxozoa; Cnidaria; Callichthyidae; Ornamental fish; fish 
parasite 
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1. Introduction 
     In the last years, several studies have shown widespread distribution of 
myxosporeans in many Amazonian fish that have high importance for human nutrition. 
Nevertheless, almost all reported data so far originate from the Brazilian part of the 
Amazon basin (Eiras and Adriano, 2012; Videria et al., 2015; Mathews et al., 2015; 
Mathews et al., 2016a; Adriano and Okamura, 2017). In the Peruvian Amazon, despite 
the importance of being the second largest portion of the Amazon rainforest, 
information about myxosporean infection is still very scarce (Espinoza et al., 2017). 
     Among the myxosporeans that infect fishes, the genus Henneguya Thelodan, 1892, 
has more than 200 known species (Eiras, 2002; Eiras and Adriano, 2012), and in recent 
years, South America has been the geographical region for where more than 40 new 
species were reported (Eiras and Adriano, 2012; Carriero et al., 2013; Naldoni et al., 
2014; Velasco et al., 2016). Notably, Henneguya species are predominantly histozoic 
and these parasites can cause considerable pathological changes in their hosts (Dyková 
and Lom, 1978; Molnár, 1998; Pote et al., 2000; Adriano et al., 2005; Naldoni et al., 
2009; Morsy et al., 2012).  
     Several members of the Family Callichthyidae Bonaparte, 1838, are commercially 
important in wild fisheries and pisciculture in many South American countries, e.g., the 
genus Corydoras Lacepede, 1803, the most diversified catfish genus (Reis, 1998), 
which is endemic to South America, is highly valued and very popular in the market of 
ornamental fish. Among the Corydoras spp., Corydoras leucomelas Eigenmann & 
Allen, 1942, is a tropical freshwater fish with occurrence restricted in the Upper 
Amazon River basin in Colombia, Ecuador, and Peru, and it is also common in the 
aquarium trade industry (Nijssen and Isbrücker, 1986; Prang, 2007). Despite the 
commercial importance and diversity of species of the genus Corydoras, to our 
knowledge only three myxozoans have been reported infecting them (Mathews et al., 
2015; Mathews et al., 2016a, 2016b). In the present article, based on morphologic and 
small subunit rDNA (ssu-rDNA) sequencing data, we further identified and described a 
new Henneguya species parasitizing the gill filaments of C. leucomelas caught in the 
Nanay river, Loreto State, Peru.  
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2. Materials and methods 
     Thirty-five wild C. leucomelas specimens (ranging from 4.1 to 4.5 cm in length) 
caught in the Nanay River, near village Ninarumi (3°50'33" S, 73°23'15" W), Loreto 
State, Peru, were examined in November 2014. Immediately after capture, the fish were 
transported alive to the field laboratory, where they were euthanized following the 
methodology approved by the ethics research committee of the Federal University of 
São Paulo – UNIFESP, CEUA N 9209080214. All organs and body fluids (pericardial, 
and perivisceral fluids) were examined for myxosporean infections. Morphological and 
morphometric analysis were performed on formalin-fixed mature myxospores obtained 
from different plasmodia (Lom and Arthur, 1989). A total of 30 myxospores were 
measured using a computer equipped with Axiovision 4.1 image software coupled to an 
Axioplan 2 Zeiss microscope (Zeiss, Göttingen, Germany). Smears containing free 
spores were air-dried and stained with Giemsa solution and mounted in a low viscosity 
mounting medium (Cytoseal
TM
) (Thermo Fisher Scientific, Massachusetts, USA)
 
on 
permanent slides.  
     For the ssu-rDNA sequencing, genomic DNA extracting was performed on 
myxospores preserved in absolute ethanol, using a DNeasy® Blood & Tissue Kit 
(Qiagen, California, USA), in accordance with the manufacturer’s instructions. 
Polymerase chain reactions (PCRs) were conducted in accordance with Adriano et al. 
(2014). The reaction final volume was 25 μL, which comprised 10–50 ng of extracted 
DNA, 1× Taq DNA Polymerase buffer (Invitrogen by Life Technologies, Maryland, 
USA), 0.2 mmol dNTPs, 1.5 mmol MgCl2, 0.2 pmol for each primer, 0.25 μL (1.25 U) 
Taq DNA polymerase (Invitrogen by Life Technologies, Maryland, USA), and ultrapure 
water. The amplification of fragments containing approximately 1.000 pb and 1.200 bp 
was performed with the primer pairs ERIB1-ACT1R and MYXGEN4f-ERIB10, 
respectively (Barta et al., 1997; Kent et al., 2000; Hallett and Diamant, 2001). PCRs 
were performed in an AG22331 Hamburg Thermocycler (Eppendorf, Hamburg, 
Germany) with initial denaturation at 95 °C for 5 min, followed by 35 cycles at 95 °C 
for 60 s, 64 °C (ERIB1-ACT1R) or 58 °C (MYXGEN4f-ERIB10) for 60 s, 72 °C for 
120 s, and then final elongation at 72 °C for 5 min. PCR products were subjected to 
electrophoresis in 1.0 % agarose gel (BioAmerica, Florida, USA) in a TBE buffer 
(0.045 M Tris-borate, 0.001 M EDTA, pH 8.0), stained with ethidium bromide, and 
then analyzed with a FLA-3000 scanner (Fuji Photo Film, Tokyo, Japan). PCR products 
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were purified using USB® ExoSap-IT® (Thermo Fisher Scientific, Ohio, USA) in 
accordance with the manufacturer’s instructions and sequenced using the same PCR 
primers. Sequencing was performed at the Human Genome Research Center (HGRC), 
at the University of São Paulo, with a BigDye® Terminator v3.1 cycle sequencing kit 
(Applied Biosystems Inc., California, USA) in an ABI 3730 DNA sequencing analyzer 
(Applied Biosystems). 
     A standard nucleotide-nucleotide BLAST (blastn) search was conducted to verify the 
similarity of the sequence obtained in this study with other sequences available in the 
GenBank database (Altschul et al., 1997). Bioedit (Hall, 1999) was used to visually 
assemble sequence fragments and to compare the coding sequence obtained with the 38 
most closely related Henneguya species, as determined by the BLAST search. 
     Phylogenetic analysis was performed using maximum likelihood (ML) methods with 
a Kimura 2-parameter (K2P) evolution sequence model in the MEGA 6.0 program 
(Tamura et al., 2013). Bootstrap analysis (1000 replicates) was employed to assess the 
relative robustness of the tree branches. Ceratonova shasta (AF001579) sequence was 
used as outgroup. Other alignment, including the species that cluster together with the 
parasite here described, was used to produce a pairwise similarity using MEGA 6.0. 
 
3. Results 
     Of the 35 specimens of C. leucomelas examined, 17 (48.5%) contained plasmodia of 
an unknown Henneguya species in the gill filaments. The intensity ranged of one to two 
plasmodia per fish and they were not found in any other organs.  
Description of Henneguya n. sp. 2 (Figs. 1A-D and 2). 
Rounded plasmodia with myxospores were found in the gill filaments of C. leucomelas 
(Fig. 1A). Mature myxospores were ellipsoidal in shape from the frontal view and had a 
total length of 36. 2 ± 0.1 μm (36.1 – 36.3), a body length of 14.3 ± 0.1 μm (14.2–14.4) 
and 5.1 ± 0.1 μm (4.9–5.3) in width (Figs. 1B-C and 2). The tail measured 21.9 ± 0.1 
μm (21.8–22.0) in length. The two polar capsules in the anterior pole of spore were 
symmetrical, elongated and presented 5.1 ± 0.1 μm (4.9–5.3) in length and 2.4 ± 0.2 μm 
(2.1–2.7) in width (Fig. 1C and 2) (Table 1). They occupied only the anterior third of 
the myxospore body and contained an helical filament with five coils arranged 
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obliquely to the longitudinal axis (Fig. 1C and 2). The sporoplasm was noticeably 
binucleate (Fig. 1D). 
     The sequencing of the ssu-rDNA of Henneguya n. sp. 2 obtained from gill filaments 
of specimens of C. leucomelas resulted in a total of 1676 nucleotides that did not match 
any myxozoan species sequences available in GenBank. The most similar sequences 
identified by a blastn search was Henneguya ictaluri Pote, Hanson and Shivaji, 2000 
(query coverage 91%, maximum identities 92%), reported in the gills of Ictalurus 
punctatus, from the commercial catfish pond in Brooksville, Mississippi State, USA 
(Pote et al., 2000). Phylogenetic analysis, with 38 species in the ingroup and C. shasta 
as an outgroup showed the formation of two Henneguya clades. The smaller clade was 
formed by Henneguya species reported infecting freswater salmoniforms, cypriniforms, 
and siluriformes hosts, showing a strong tendency among Henneguya species to form 
clades according to the taxonomic affinity of the fishes (order, and more specifically, 
family of the host). The larger clade was composed by parasites of several families of 
marine and freshwater fishes. In this large clade, Henneguya n. sp. 2 appeared in a small 
sub-calde cluster together with H. paraensis Velasco, Videira, Nascimento, Matos, 
Gonçalves and Matos, 2016, and had Henneguya pellucida Adriano, Arana and 
Cordeiro, 2005, as the basal species (Fig. 3). The pairwise comparisons among the ssu-
rDNA sequences of Henneguya species of this sub-clade showed that the genetic 
similarity of the new species was of 90.7% to H. paraensis and 87.3% to H. pellucida. 
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Fig. 1. Photomicrograph of Henneguya n. sp. 2 parasite of Corydoras leucomelas. A, 
Plasmodium (long white arrow) infecting gill filaments (*) with some out spores (small 
white arrow). Scale bar: 40 μm. B, Fresh spores with a view of the tails (thin wthite 
arrows). Scale bar: 10 μm. C–D, Differential interference-contrast (DIC) microscopy 
image of spore body showing the polar capsules with five coils arranged obliquely to 
the longitudinal axis (large white arrow) and sporoplasm (*) noticeably binucleate (thin 
white arrow). Scale bar: 10 μm. 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Schematic representation of mature spore of Henneguya n. sp. 2 parasite of gill 
filaments of Corydoras leucomelas. Scale bar: 5 μm. 
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Table 1. Comparative data of Henneguya n. sp. 2 with other Henneguya spp. parasites of siluriform fishes from 
South America. Spore dimensions, infection sites, and collection sites are given. LPC: length of polar capsules; 
WPC: width of polar capsules; NCF: number of coils of polar filaments; −: no data. All measurements are 
means ± SD and/or range, in μm.   
Species 
Total 
length 
Spore 
length 
Spore 
width 
Thickn
ess 
LPC WPC 
Tail 
length 
NC
F 
Site of infection and 
host 
Localit
y         
Source 
Henneguya n. sp. 2 
36. 2 ± 
0.2 
(36.1 – 
36.3) 
14.3 ± 
0.1 
(14.2–
14.4) 
5.1 ± 0.2 
(4.9–5.3) 
_ 
5.1 ± 
0.2 
(4.9–
5.3) 
2.4 ± 
0.3 
(2.1–
2.7) 
21.9 ± 
0.1 
(21.8–
22.0) 
5 
Gill filaments of 
Corydoras 
leucomelas 
Nanay 
river, 
Peru      
Thsi study 
Henneguya n. sp. 1 
40.8 ± 
0.3 
(40.3–
41.1) 
15.5 ± 
0.2 
(15.3–
15.7) 
4.7 ± 0.1 
(4.6–4.8) 
_ 
4.8 ± 
0.5 
(4.3–
5.3) 
1.7 ± 
0.3 
(1.4–
2.0) 
25.3 ± 
0.1 
(25.2–
25.4) 
5-6 
Gill filaments of 
Corydoras melini 
Negro 
river, 
Brazil  
 Mathews 
et al. 2016 
Henneguya guanduensis 
33.6 
(27.3 - 
38.1) 
14.6 
(11.4 - 
16.7) 
6.5 
(4.9 - 7.9) 
_ 
 
4.4 
(3.3-
5.6) 
4.1 
(3.3 - 
5.3) 
 
2.0 
(1.6-
2.3) 
2.2 
(1.5-
2.8) 
19.0 
(15.6-
22.5) 
3-6 
Gill of 
Hoplosternum 
littorale  
Guandu 
river, 
Brazil 
  
Abdallah et 
al. 2007 
Henneguya cuniculator 
 
29.4 ± 
1.9  
(23.3−3
2.4) 
12.13 ± 
0.69  
(10.0−1
4.7) 
4,8 ± 0.29   
(4.0−5.9) 
4.23 ± 
0.15  
(3.9−4.
9) 
6.18 ± 
0.28  
(5.2−6
.2) 
1.8 ± 
0.12  
(1.4−1
.9) 
16.7 ± 
1.9 
(12.3−19
.4)  
10-
11 
Gill filaments of 
P. corruscans 
São 
Francisco 
river, 
Brazil 
Naldoni et 
al. 2014 
H. multiplasmodialis 
 
30.8 ± 
1.3  
 
14.7 ± 
0.5  
5.2 ± 0.3  
4.4 ± 
0.1  
6.1 ± 
0.1  
1.4 ± 
0.1 
15.4 ± 
1.3  
6-7 
Large cysts in the 
gill of P. 
corruscans 
Brazilian 
Pantanal 
wetland, 
Brazil 
 
  Adriano et 
al. 2012 
H. multiplasmodialis 
30.6 ± 
1.2  
14.5 ± 
0.4  
5.2 ± 0.2  
4.2 ± 
0.3  
6.2 ± 
0.2  
1.5 ± 
0.2 
14.8 ± 
1.4  
6-7 
Large cysts in the 
gill of P. 
fasciatum 
Brazilian 
Pantanal 
wetland, 
Brazil 
Adriano et 
al. 2012 
H. pseudoplatystoma 
33.2 ± 
1.9 
10.4 ± 
0.6 
3.4 ± 0.4 –  
3.3 ± 
0.4 
1.0 ± 
0.4 
22.7 ± 
1.7 
6-7 
Gill of hybrid 
pintado  
Fish 
farms: 
São Paulo 
and Mato 
Grossso 
do Sul 
states, 
Brazil 
Naldoni et 
al. 2009 
H. corruscans 
27.6 
(25-29) 
14.3 
(13-15) 
5.0 –  
6.8 
(6-7) 
2.0 
13.7 
(12-15) 
5-6 
Gill of P. 
corruscans 
Paraná 
river, 
Brazil 
Eiras et al. 
2009 
H. eirasi 
37.1±1.
8 
12.9±0.
8 
3.4±0.3 3.1±0.1 
5.4±0.
5 
0.7±0.
1 
24.6±2.2 
12–
13 
Gill filaments of 
P. corruscans and 
P. fasciatum 
Brazilian 
Pantanal 
wetland, 
Brazil 
Naldoni et 
al. 2011 
H. maculosus 31.2 
13.7±0.
6 
4.1±0.2 3.0±0.3 
5.6±0.
5 
1.6±0.
2 
17.5±0.5 6-7 
Gill filaments of 
P. corruscans 
Brazilian 
Pantanal 
wetland, 
Brazil 
Carriero et 
al. 2013 
H. maculosus 33.0 
13.3±0.
7 
4.4±0.4 3.5±0.4 
5.2±0.
6 
1.6±0.
2 
19.7±0.6 6-7 
Gill filaments of 
P. reticulatum 
Brazilian 
Pantanal 
wetland, 
Brazil 
Carriero et 
al. 2013 
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Fig. 3. Maximum likelihood tree, based on partial ssu-rDNA sequencing, showing the 
relationship between Henneguya n. sp. 2, parasite of Corydoras leucomelas and others 
Henneguya spp. The numbers above the nodes indicate bootstrap confidence levels.  
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4. Discussion 
     Although previous studies in South America have shown a considerable number of 
Henneguya spp. infecting farmed and wild fishes (Eiras and Adriano, 2012; Carriero et 
al., 2013; Moreira et al., 2014; Velasco et al., 2016), there is only one species described 
in an ornamental fish from Amazon region (Mathews et al., 2016b). The present study 
reports, for the first time, the infection of a myxosporean in C. leucomelas, being 
notably as well the first report of these parasites infecting fish from Peruvian Amazon. 
     The morphological features of Henneguya n. sp. 2 were compared with those of all 
Henneguya species reported to infect South American freshwater fishes (Naldoni et al., 
2009; Eiras and Adriano, 2012; Carriero et al., 2013; Moreira et al., 2014; Videira et al., 
2015; Velasco et al., 2016). Among the ten Henneguya species found in South 
American siluriforms fish, two species have been described infecting fish of the Family 
Callichthyidae: H. melini Mathews, Maia and Adriano, 2016, infects the gill filaments 
of Corydoras melini, and H. guanduensis Abdallah, Azevedo, Luque and Bonfim, 2007, 
a reported parasite of the gills of Hoplosternum littorale (Abdallah et al., 2007; 
Mathews et al., 2016b). The morphological and morphometric comparison of the new 
species with parasite species of callichthyids fishes indicated that the spores of this 
parasite were more similar to those of H. guanduensis, with regard to dimensions of 
body length (14.6 μm to H. guanduensis and 14.3 μm to the new species). However, 
they differ in total spore length (33.6 μm to H. guanduensis and 36.2 μm to Henneguya 
n. sp. 2), body width (6.5 μm to H. guanduensis and 5.1 to the new species) and in the 
tail length (19.0 μm to H. guanduensis and 21.9±0.1 μm to the new species). 
Furthermore, the two polar capsules in H. guanduensis are unequal in size, while they 
are equal in Henneguya n. sp. 2, and the tail in H. guanduensis is not bifurcated at the 
end of spore body, but in the new species the tail bifurcates near the spore body end. 
Thus, based on differences in morphometric and morphology data, likewise differences 
in the host genus (Hoplosternum to H. guanduensis and Corydoras to the new species), 
emphasizing as well the different geographic area of occurrence (Paraíba do Sul basin to 
H. guanduensis and Amazon basin to Henneguya n. sp. 2), these arguments are 
sufficient to strongly support the separation of these species. Considering H. melini, a 
closest host species to C. leucomelas, the comparison showed larger dimentions of the 
total spore length and tail lenght for H. melini (respectively 40.8 and 25.3 μm), 
compared to 36.2 and 21.8 μm of the new species, and a wider spores of Henneguya n. 
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sp. 2 (5.1 μm) versus 4.7 μm to H. melini. Furthermore, the tail is not bifurcated for H. 
melini in contrast to the new species. Unfortunatly there are not ssu-rDNA data 
available for H. guanduensis and H. melini in GenBank, rendering imposible the genetic 
comparation of them with Henneguya n. sp. 2 and the evaluation of the phylogenetic 
relationships of these three Henneguya species parasites of the siluriforms of the Family 
Callichthyidae within of the evolutionary context of myxobolids. Therefore, future 
molecular and phylogenetic analysis are highly recommended to H. guanduensis and H. 
melini for a definitive comparison with these species. In the same way, for a better 
interpretation of myxosporean phylogeny from Amazon basin will need the the 
combination of studies on morphological features, host specificity, tissue affinity, and 
molecular analyses (Abdel-Gaber et al., 2017).     
     Compared with the other Henneguya species that infect other families of siluriforms 
fish in South America, as related in Table 1, the new species differed in at least one 
character (size of spore or polar capsules, shape of spore, bifurcation of the tail and 
number of polar filament turns). The morphology of the new species was besides 
compared with species of Henneguya that parasitize gills of not siluriforms freshwater 
fish from South America. Morphologically, it resembles the spores of Henneguya 
visibilis Moreira, Adriano, Silva, Ceccarelli and Maia, 2014, which infects the 
freshwater fish Leporinus obtusidens (Moreira et al., 2014). However, 
morphometrically, the spores of this species are shorter and narrower (26.8 μm long and 
3.9 μm wide) and the polar capsules are shorter (4.9 μm) and narrower (1.4 μm) than 
those of the new species. Furthemore, they also differ in the number of coils of the polar 
filament (eight to nine to H. visibilis and five to Henneguya n. sp. 2). Moreover, these 
species differ also in the ssu-rDNA data. Thus, based on differences in morphometrical 
and morphological and ssu-rDNA sequences data, the parasite here reported was 
considered a new taxon. 
     In phylogenetic analysis, Henneguya n. sp. 2 appeared as sister species of H. 
paraensis, a parasite of the gills of Cichla temensis (Perciformes: Cichlidae), and the 
unique other amazonian species in this analysis. This data points out the geographic 
affinity, however, due to the few ssu-rDNA data available about Amazonian 
myxosporeans, only the addition of molecular data from other taxa will enable a better 
understanding about the evolutionary context of Henneguya n. sp. 2, as well of the 
freshwater myxosporeans of that region as a whole.  
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Capítulo 6.  
High infection, morphology and SSU rDNA sequencing of Henneguya n. sp. 3 
(Myxosporea), a parasite of the Amazonian ornamental fish Hyphessobrycon 
loretoensis from Peru: A myxosporean dispersal approach 
 
A formatação segue o padrão do periódico Aquaculture. 
 
ABSTRACT 
Myxosporean are endoparasitic cnidarians of wide distribution and responsible for 
important economic losses on fisheries and aquaculture. A new myxosporean species, 
Henneguya n. sp. 3, is described parasitizing the gill filaments of the ornamental fish 
Hyphessobrycon loretoensis caught in the Nanay River, Department of Loreto, Peru. 
The parasite was found in 37 of 45 (82.2%) H. loretoensis examined and the new 
species was characterized based on morphological features and SSU rDNA sequence 
data. The sequencing of the SSU rDNA from the spores of Henneguya n. sp. 3 resulted 
in 1632 nucleotides and this sequence did not match any of the myxozoan available in 
the GenBank. Phylogenetic analysis showed Henneguya n. sp. 3 closed together with H. 
leporinicola. Nonetheless, the SSU rDNA sequences of Henneguya n. sp. 3 and H. 
leporinicola have only 82% similarity. This is the first description and molecular study 
of a Myxozoa parasitizing fish of the genus Hyphessobrycon in the Amazon basin. 
Given the importance of the ornamental fish industry in moving aquatic organisms 
worldwide, the international movement of myxosporeans in infected fish is discussed in 
terms of disease outbreaks and the need for preventative action. 
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1. Introduction 
As a function of growing demand of the aquatic pet trade, the risk of transboundary 
spread of several pathogens has increased in the last years (Whittington and Chong, 
2007; Camus et al., 2013; Becker et al., 2014; Hallet et al., 2015). Nowadays, the 
aquarium trade industry moves millions of fishes each year around the world and 
besides, the global connectivity has raised with shorter transportation times, thus 
favoring that myxosporeans arrive viable to new regions (Evans and Lester, 2001; 
Biosecurity, 2005; Garner et al., 2008; Camus et al., 2017), in some cases causing 
pathological changes and mortalities (Garner et al., 2008; Camus and Griffin, 2010). In 
this scenario, myxosporeans survey on ornamental fish becomes important for diagnosis 
and timely control to prevent that these parasites will be introduced and disseminated to 
foreign locations. 
Myxosporean are endoparasitic cnidarians of wide distribution around the world 
and they are responsible for important economic losses on fisheries and aquaculture 
(Pote et al., 2000; Foott et al., 2004; Hallet and Bartholomew, 2011). Annelids are the 
definitive hosts, excreting actinospores in faeces into water. Mostly fish and some other 
vertebrates such as amphibians, reptiles, waterfowl and small mammals may become 
infected by infective actinospores and can be intermediate hosts of myxosporeans (Eiras 
et al., 2005; Bartholomew et al., 2008; Székely et al., 2015; Abdel-Ghaffar et al., 2016; 
Espinoza et al., 2017).  
Among myxosporean, species belonging to the genus Henneguya Thélodan, 1982, 
are typically histozoic parasites that cause considerable pathological changes and severe 
diseases in wild and cultured fish (Naldoni et al., 2009; Dykova et al., 2011; Morsy et 
al., 2012). In South America, despite several studies have reported Henneguya species 
in many species of wild and farmed freshwater fish (Eiras and Adriano, 2012; Carriero 
et al., 2013; Naldoni et al., 2014; Velasco et al., 2016), information in ornamental fish is 
still scarce and only two Henneguya species have been reported infecting ornamental 
fish from Amazon basin (Mathews et al., 2016a; Mathews et al., 2017). 
The genus Hyphessobrycon Durbin, 1908, is the most species-rich genus in 
Characiformes species, with approximately 150 valid species and one of the largest 
characid genera with a wide distribution in all major watersheds of the Neotropical 
Region (García-Alzate et al., 2013). The tetra loreto Hyphessobrycon loretoensis 
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Ladiges, 1938, is a native fish from upper Amazon River basin in Peru, Ecuador and 
Colombia and inhabits slow to moderate flow rivers of black waters and is 
internationally exported in the aquarium trade industry (Jimenez-Prado and Arguello, 
2016). Despite the commercial importance of H. loretoensis, information about the 
parasite fauna is still scarce and nothing is known about myxosporean parasites. 
Therefore, in the present study we describe a novel freshwater Henneguya species from 
the gills of H. loretoensis, caught in the Nanay River, Department of Loreto, Peru. We 
characterized the new species based on morphological features and SSU rDNA 
sequencing, emphasizing the importance of identification and diagnosis of myxosporean 
infections and warning the introduction in foreign locations, prevention of 
dissemination and future disease outbreaks. 
 
2. Materials and methods  
Forty-five wild H. loretoensis specimens (ranging from 2.1 to 2.4 cm in length) 
were caught in the Nanay River, near village Santa Maria de Nanay (03° 53′ 13″ S, 73° 
42′ 01″ W), Department of Loreto, Peru. These samples were caught in July 2016 
during the dry season in the Amazon region. After captured, alive fish were placed in 
plastic bags containing one-fourth water and three-fourths oxygen, and immediately 
transported to the Limnology Research Laboratory at Research Institute of Peruvian 
Amazon. The fish were stocked in two aquariums with water free of chemical 
pollutants, and with temperature at 26 °C and pH of 5.9. 
For myxosporeans survey, fish were euthanized following the methodology 
approved by Ethics Committee on Animal Use of Federal University of São Paulo - 
UNIFESP (CEUA no 9209080214). Gill filaments infected with myxosporeans were 
removed and fixed in formalin (10%) for morphological analysis (Lom and Arthur, 
1989) and in 100% ethanol for DNA sequencing. Morphological characterization of 
myxospores was performed using differential interference contrast (DIC) microscopy 
and measurements were taken from 30 myxospores using a computer equipped with 
Axiovision 4.1 image capture software coupled to an Axioplan 2 Zeiss microscope (Carl 
Zeiss, New York, USA). Permanent slides were performed with smears containing free 
spores, which were air-dried and stained with Giensa solution and mounted in a low 
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viscosity mounting medium (Cytoseal™) (Thermo Fisher Scientific, Massachusetts, 
USA). 
For the molecular characterization genomic DNA was extracted using the 
DNeasy® Blood & Tissue Kit (Qiagen, California, USA), in accordance with the 
manufacturer’s instructions. DNA concentration was measured using a NanoDrop 2000 
spectrophotometer (Thermo Scientific, Delaware, USA). The SSU rDNA was amplified 
by polymerase chain reaction (PCR) in accordance to Mathews et al. (2015). Fragments 
of 1000 bp were amplified using the primers ERIB1+ACT1R (Barta et al., 1997), and 
fragments of 1200 bp were amplified using the primers MYXGEN+ERIB10 (Kent et 
al., 2000; Hallett and Diamant, 2001). PCR was carried out using a final volume of 25 
μL, which comprised 10–50 ng of extracted DNA, 1× Taq DNA Polymerase buffer 
(Invitrogen by Life Technologies, Maryland, USA), 0.2 mmol dNTPs, 1.5 mmol MgCl2, 
0.2 pmol for each primer, 0.25 μL (1.25 U) Taq DNA polymerase (Invitrogen by Life 
Technologies, Maryland, USA), and ultrapure water. PCRs were performed in an 
iCycler (Bio-Rad, Hercules, California, USA) with initial denaturation at 95 °C for 5 
min, followed by 35 cycles at 95 °C for 60 s, 64 °C (ERIB1-ACT1R) or 58 °C 
(MYXGEN4f-ERIB10) for 60 s, 72 °C for 120 s, and then final elongation at 72 °C for 
5 min. PCR products were electrophoresed in 0.8% agarose gel (BioAmerica, Florida, 
USA) in a TAE buffer (Tris–Acetate EDTA, Tris 40 mM, acetic acid 20 mM, EDTA 1 
mM), stained with 0.5 mg/mL of Sybr Safe DNA gel stain (Invitrogen by Life 
Technologies, California, USA), and then analyzed with an FLA-3000 scanner (Fuji 
Photo Film, Tokyo, Japan). Sizes of the amplified fragments were compared using a 
standard 1 kb DNA Ladder marker (Invitrogen by Life Technologies, California, USA) 
to verify the presence of appropriate sized fragments. PCR products were purified using 
USB
®
 ExoSap-IT
®
 (Thermo Fisher Scientific, Ohio, USA) in accordance with the 
manufacturer’s instructions and sequenced using the same PCR primers and 
additionally MC5 and MC3 primers (Molnár et al., 2002). Sequencing was performed at 
the Human Genome Research Center (HGRC), at University of São Paulo, with a 
BigDye
® 
Terminator ver. 3.1 cycle sequencing kit (Applied Biosystems Inc., California, 
USA) in an ABI 3730 DNA sequencing analyzer (Applied Biosystems). A standard 
nucleotide BLAST (blastn) search was conducted to verify the similarity of the 
sequence obtained in this study with other sequences available in the GenBank database 
(Altschul et al., 1997).  Sequences were visualized, assembled and edited using BioEdit 
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version 7.1.3.0 (Hall, 1999) in order to visually assemble sequence fragments and to 
compare the coding sequence obtained with the 45 most closely related myxozoan taxa, 
as determined by the BLAST search.  
Phylogenetic analysis was conducted using maximum likelihood (ML) methods 
with a Kimura 2-parameter (K2P) evolution sequence model in the MEGA 6.0 program 
(Tamura et al., 2013). Bootstrap analysis (1000 replicates) was employed to assess the 
relative robustness of the tree branches. Sequences of Ceratonova shasta AF001579 and 
Ceratomyxa seriolae AB530265, were used as outgroups. Additionally, a second 
alignment including only the Henneguya species clustering together with the new 
parasite here described was performed to evaluate the genetic distance between them, 
using the pairwise method with the p-distance model in MEGA 6.0 software (Tamura et 
al., 2013). 
3. Results  
Among the 45 specimens of H. loretoensis examined in the present study, 37 
(82.2%) had plasmodia of an undescribed parasite from the genus Henneguya in the gill 
filaments. These were not found in any other organs and no clinical signs were observed 
in the parasitized organ.    
Henneguya n. sp. 3 (Figs. 1A-C and 2).   
Plasmodia rounded in shape and measuring up to 300 µm were found in the gill 
filaments of specimens of H. loretoensis caught from the Nanay River (Fig. 1A). The 
mature spores were ellipsoidal in shape from the frontal view and laterally biconvex and 
had a total length of 24.2±1.3 μm (22.9-25.5), a body length of 13.4±0.9 μm (12.5-
14.3), 3.9±0.1 μm (3.8-4.0) width and a caudal process of 10.7±1.2 μm (9.5-11.9) (Figs. 
1B-C and 2). The two polar capsules in the anterior pole of spore were symmetrical, 
elongated aubergine in shape, with 3.3±0.2 μm (3.1-3.5) in length and 1.6±0.2 μm (1.4-
1.8) in width and helical filament with four to five coils arranged obliquely to the 
longitudinal axis (Fig. 1B-C and 2).  
The sequencing of the SSU rDNA from the spores of Henneguya n. sp. 3 resulted in a 
total of 1632 pb with a GC content of 49%. The BLAST search revealed that the 
sequence did not match any myxozoan species sequences available in GenBank. The 
highest sequence similarity with Henneguya n. sp. 3 was Henneguya maculosus (query 
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coverage: 85%; maximum identities: 89%), reported in the gill filaments of two South 
American freshwater siluriforms belonging to Pseudoplatystoma genus: P. corrucans 
and P. reticulatum (Carriero et al., 2013). The sequences similarity of Henneguya n. sp. 
3 with other Henneguya species was low (≤ 86%). In the phylogenetic analysis using 
ML, Henneguya n. sp. 3 appeared in a subclade as a closed taxon of Henneguya 
leporinicola reported parasitizing the gill lamellae of Leporinus macrocephalus from 
São Paulo State, Brazil (Martins et al., 1999). In this same clade, Henneguya n. sp. 3 
clustered with Henneguya visibilis Moreira, Adriano, Silva, Ceccarelli and Maia, 2014, 
and Henneguya rotunda Moreira, Adriano, Silva, Ceccarelli and Maia, 2014 (Fig. 3). 
Analysis of the genetic distance of the Henneguya species that cluster together in the 
same subclade with Henneguya n. sp. 3 showed 83% similarity to H. leporinicola, 82% 
to H. visibilis and 83.3% to H. rotunda. 
 
 
 
 
 
 
 
 
 
 
 
Fig 1. Photomicrograph of Henneguya n. sp. 3 parasite of Hyphessobrycon loretoensis. 
A, Plasmodium (long black arrows) infecting gill filaments (*). Scale bar: 40 μm. B, 
Differential interference-contrast (DIC) microscopy image of spore body showing two 
equal polar capsules (small black arrow), view of the tails (thin black arrow) and 
sporoplasm (*). Scale bar: 10 μm. C, Fresh spores showing the polar capsules with five 
coils arranged obliquely to the longitudinal axis (large black arrow). Scale bar: 10 μm.  
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Fig 2. Schematic representation of mature spore of Henneguya n. sp. 3 parasite of gill 
filaments of Hyphessobrycon loretoensis. Scale bar: 5 μm.  
Fig 3. Maximum likelihood tree, based on partial SSU rDNA sequencing, showing the 
relationship between Henneguya n. sp. 3, parasite of Hyphessobrycon loretoensis and 
others Henneguya spp. The numbers above the nodes indicate bootstrap confidence 
levels. 
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4. Discussion 
Previous studies in South America have shown great diversity and wide distribution 
of myxosporeans in many species of wild and farmed fish (Eiras and Adriano, 2012; 
Carriero et al., 2013; Azevedo et al., 2013; Adriano et al., 2014; Mathews et al., 2016b, 
2016c, Adriano and Okamura, 2017). However, there is few information about 
myxosporean infections in ornamental fish, particularly from the Amazon basin 
(Mathews et al., 2017), considering that in this region there is a great diversity, being 
many fish species native and endemic (Hubert and Renno, 2006). To our knowledge, 
this is the first report of a Henneguya species parasitizing fish of the genus 
Hyphessobrycon in the Amazon basin and the second report of this parasite infection in 
an ornamental fish from Peru. The results showed a high prevalence of Henneguya n. 
sp. 3 in H. loretoensis specimens caught from Nanay River during the dry season, 
indicating that the infection by this parasite is frequent. Surely, seasonal occurrence 
survey is necessary to establish the pattern of infection for this parasite, taking in 
account that seasonal changes represent a combination of many factors influencing the 
success of a parasite to penetrate a host (Abdel-Gaber et al., 2017). 
In the Amazon region, there have been reported more than 29 species of aquatic 
oligochaetes (Bevilacqua, 2014), with the majority of species showing preference for 
lentic environments, and with accumulation of abundant aloctone organic matter in the 
sediment (Bevilacqua, 2014). Aquatic oligochaetes involved as definitive hosts in the 
life cycles of myxosporean parasites may spread infective actinospores in the water 
(Eszterbauer et al., 2015). Furthermore, oligochaetes may release thousands 
actinospores which can remain viable at 10-30 °C from three days to about four weeks 
(Eszterbauer et al., 2015; Kallert et al., 2015). The Nanay River, where specimens of H. 
loretoensis had been living, is a black water river with slow current and with abundant 
organic matter and it divides in many canals, providing adequate conditions for 
oligochaetes establishment. Furthermore, the climate in the region is tropical humid 
with annual average temperature of 28 °C, favoring that worms release actinospores for 
shorter periods and at higher intensity (Rácz, 2004), facilitating the contact of these 
fishes with infective actinospores, especially during the dry season when the water level 
is low and fishes are more concentrated, and this picture cans has a key role in the large 
prevalence of Henneguya n. sp. 3 here observed. 
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The morphological characteristics of Henneguya n. sp. 3 were compared with those 
of all Henneguya spp. that parasitize South America freshwater fish (Eiras and Adriano, 
2012; Velasco et al., 2016; Mathews et al., 2016a; Mathews et al., 2017). Mature spores 
of H. visibilis Moreira, Adriano, Silva Ceccarelli and Maia, 2014, which infects 
Leporinus obtusidens, had a resemblance to those of Henneguya n. sp. 3 However, these 
differ from the new species in the body size of the spore (10.8±0.6 μm in length to H. 
visibilis and 13.4±0.9 μm to the new species). Differences may also be observed in the 
length of the polar capsules (4.9±0.3 μm to H. visibilis and 3.3±0.2 μm to the new 
species), number of coils in the polar filament (eight to nine to H. visibilis and four to 
five to the new species), and in the length of caudal process (18±1.2 μm to H. visibilis 
and 10.7±1.2 μm to the new species). Furthermore, differences related to the host family 
and site of infection, with H. visibilis parasitizing fins of an anostomid fish (Moreira et 
al., 2014a), while Henneguya n. sp. 3 infect gill filaments on a characid fish, are 
important to support the taxonomic difference, considering that histozoic freshwater 
platysporines has shown high organ/tissue and host specificity (Molnár and Eszterbauer, 
2015). Morphological features of Henneguya n. sp. 3  were also compared with 
Henneguya pisciforme described parasitized the gill filaments of the congener 
Hyphessobrycon anisitsi (Cordeiro et al., 1983). However, the comparison showed 
small number of noticeable morphologic differences, such as spore body length and 
wide (20.40±1.5 × 6.12±0.4 μm for H. pisciforme and 13.4±0.9 × 3.9±0.1μm for 
Henneguya n. sp. 3). The two polar capsules of Henneguya n. sp. 3  are equal in size, 
while in H. pisciforme they are unequal. Another important difference is related to 
geographic distribution of the hosts, with H. loretoensis inhabiting rivers from Amazon 
basin, while H. anisitsi is distributed in La Plata basin. Considering that long periods of 
geographical isolation had promoted allopatric speciation in South American freshwater 
fish (Hubbert and Renno, 2006; Carvalho-Costa et al., 2011), it may also have 
contributed to the divergence of these two parasites found in isolated watersheds 
(Naldoni et al., 2014; Moreira et al., 2014a), with H. pisciforme found in La Plata basin 
and Henneguya n. sp. 3 in the Amazon basin, both basins separated by 10 Ma (Hubbert 
and Renno, 2006). Although the absence of SSU rDNA sequence of H. pisciforme in the 
National Center for Biotechnology (NCBI) prevented the genetic comparison with 
Henneguya n. sp. 3, the morphological/morphometric data were able to differentiate 
these species parasites. However, future molecular analysis is highly recommended to 
H. pisciforme to elucidate the phylogenetic relationship between these two Henneguya 
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spp. parasites of congener’s hosts habiting distinct watersheds. In this way, in our study 
the new species was described based on morphological, SSU rDNA sequencing, host 
and geographic area data, and the arguments are sufficient to justify the establishment of 
Henneguya n. sp. 3 as a new species. 
Analysis of the SSU rDNA sequence of Henneguya n. sp. 3 using BLAST search 
revealed no identical sequences in the NCBI database. Phylogenetic analysis showed 
Henneguya n. sp. 3 closed together with H. leporinicola reported infecting the gills of 
Leporinus microcephalus (Anostomidae) from fish farm in the state of São Paulo, Brazil 
(Martins et al., 1999). In this same subclade, Henneguya n. sp. 3 appeared together with 
H. visibilis and H. rotunda, reported parasitizing two characiforms fish belonging to the 
Anostomidae and Bryconidae family, respectively (Moreira et al., 2014a, 2014b). 
However, analysis of the genetic similarity among the SSU rDNA sequence of 
Henneguya n. sp. 3 and Henneguya species that cluster together in the same clade 
revealed only 83% similarity to H. leporinicola and H. rotunda and 82% to H. visibilis. 
Another important feature observed in the subclade where Henneguya n. sp. 3 appears is 
the absence of geographic and host family affinity, although this picture may only to 
reflects the low number of taxa of parasites of characids host, as well as of the studied 
region. Therefore, future molecular studies of new species parasitizing distinct taxa of 
ornamental fish will enable a better understanding about the evolutionary context of 
Henneguya n. sp. 3 and further improve knowledge of the phylogenetic relationship of 
these myxosporeans of that region as a whole. 
Although in our study, no clinical signs were observed in the infected specimens of 
H. loretoensis, several studies have shown myxosporeans species inducing pathological 
changes and diseases in ornamental fish (Crawshaw and Sweeting, 1986; Camus and 
Griffin, 2010; Mathews et al., 2016a). Moreover, imported ornamental fish have been 
reported to introduce and disperse myxosporean species to new locations. For instance, 
Hallett et al. (2006) described a wide dispersion of four myxosporean species 
(Sphaerospora sp., Myxobolus diversus, Myxobolus cultus, and Hoferellus carassii) by 
means of infected specimens of Carasiaus auratus from a national USA pet store chain. 
Likewise, Chloromyxum sp. has been introduced to Australia by transportation of 
specimens of Gyrinocheilus aymonieri imported from Singapore (Evans and Lester, 
2001). In the pathological outbreak point of view, renal myxozoosis caused by 
Sinuolinea phyllopteryxa in Phyllopteryx taeniolatus exported from Australia to the 
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United States was reported (Garner et al., 2008). Mortalities were also reported for 
ornamental Koi from aquaculture caused by Myxobolus Koi introduced with Cyprinus 
carpio from Asia to the UK and the USA (Crawshaw and Sweeting, 1986; Camus and 
Griffin, 2010). Hence, considering that international trade of ornamental fish is a major 
factor for transboundary spreading of myxosporeans (Biosecurity, 2005; Hallet et al., 
2015), is indispensable increase the knowledge about the diversity of these parasites 
found infecting wild ornamental fish from regions as the Amazon basin, that provide 
annually millions of specimens for the ornamental market. This knowledge is an 
important tool constant monitoring for diagnosis and timely control of infections by 
myxosporean in order to better prevent introduction in new environments, dissemination 
and future disease outbreaks. 
 
6. CONSIDERAÇÕES FINAIS 
Os resultados obtidos durante as pesquisas realizados para o desenvolvimento 
desta tese permitiram concluir que:  
Espécies de peixes amazônicos utilizados no aquarismo são infectados por 
diferentes taxa de mixosporídeos até aqui desconhecidas pela ciência. 
Seis novas espécies foram registradas a partir dos peixes ornamentais analizados, 
as quais foram distribuídas em quatro gêneros. Corydoras melini apresentou infecção 
por Myxidium n. sp. na vesícula biliar, Henneguya n. sp. 1 nos filamentos branquiais e 
Myxobolus n. sp. no arco da brânquia. Ceratomyxa n. sp. foi encontrado na vesícula 
biliar de Symphyssodon discus e Henneguya n. sp. 2 e Henneguya n. sp. 3 foram 
encontrados infectando as brânquias de Corydoras leucomelas e Hyphessobrycon 
loretoensis, respectivamente.  
Através da análise ultraestrutural, foi possível concluir que as espécies de 
mixosporídeos descritas a partir dos peixes ornamentais examinados, apresentam 
diferentes estratégias pelas quais os parasitos obtêm nutrientes necessários para o 
desenvolvimento dos plasmódios. Em Henneguya n. sp. e Myxobolus n. sp. numerosos 
canais de pinocitosis auxiliam na incorporação de nutrientes para o interior do 
plasmódio. Em Myxidium n. sp., além da presença de canais de pinocitosis, numerosos 
microvilosidades foram observadas na parede do plasmódio, aumentando claramente a 
área de absorção de nutrientes. Adicionalmente, a presença de pontes filiformes 
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citoplasmáticas entre pansporoblastos permitem a passagem de nutrientes da zona do 
ectoplasma para os diferentes estágios de desenvolvimento na parte profunda do 
plasmódio. Análises ultraestruturais também permitiram concluir que a presença de 
Henneguya n. sp. 1 e Myxobolus n. sp. induziram à formação de uma cápsula de tecido 
conjuntivo, composta por fibroblastos e fibras de colágeno, que envolveram os 
plasmódios.  
Com base na análise filogenética, podemos concluir que as espécies de 
mixosporídeos analisadas apresentaram tendência por agrupar de acordo com os sítios 
de infecção, pela afinidade de hospedeiro e área geográfica.  
Considerando a importância das espécies de peixes amazônicos no comércio 
internacional de peixes ornamentais, e a diversidade de mixosporídeos encontrados nas 
espécies estudadas, pode-se concluir que somente o monitoramento constante poderá 
prevenir a introdução e disseminação de mixosporídeos em outras regiões do mundo. 
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